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ABSTRACT 

The report documents work carried out over the period 31 July 1996 to 31 December 
1997 on a Multi-University Research Initiative (MURI) program under Office of Naval 
Research (ONR) sponsorship. The program couples transducer materials research in the 
Materials Research Laboratory (MRL), design and testing studies in the Applied Research 
Laboratory (ARL) and vibration and flow noise control in the Center for Acoustics and 
Vibration (CAV) at Penn State. 

The overarching project objective is the development of acoustic transduction 
materials and devices of direct relevance to Navy needs and with application in commercial 
products. The initial focus of studies is upon high performance sensors and high authority 
high strain actuators. This objective also carries the need for new materials, new device 
designs, improved drive and control strategies and a continuing emphasis upon reliability 
under a wide range of operating conditions. 

In Material Studies, undoubtedly major breakthroughs have occurred in the ultra- 
high strain relaxor ferroelectric systems. Earlier reports of unusual piezoelectric activity in 
single crystal perovskite relaxors have been amply confirmed in the lead zinc niobate : lead 
titanate, and lead magnesium niobate : lead titanate systems for compositions of 
rhombohedral symmetry close to the Morphotropic Phase Boundary (MPB) in these solid 
solutions. Analysis of the unique properties of 001 field poled rhombohedral ferroelectric 
crystals suggests new intrinsic mechanisms for high strain and carries the first hints of how to 
move from lead based compositions. A major discovery of comparable importance is a new 
mode of processing to convert PVDF:TrFE copolymer piezoelectric into a relaxor 
ferroelectric in which electrostrictive strains of 4% have been demonstrated at high fields. 
Both single crystal and polymer relaxors appear to offer energy densities almost order of 
magnitude larger than in earlier polycrystal ceramic actuators. 

Transducer Studies have continued to exploit the excellent sensitivity and remarkable 
versatility of the cymbal type flextensional element. Initial studies of a small cymbal arrays 
show excellent promise in both send and receive modes, and larger arrays are now under 
construction for tests at ARL. New studies in constrained layer vibration damping and in flow 
noise reduction are yielding exciting new results. 

In Actuator Studies, an important advance in piezoelectric generated noise control 
now peimits wider use of acoustic emission as a reliability diagnostic technique. Joint studies 
with NRL, Washington have developed a completely new dl5 driven torsional actuator and the 
CAV program element has designed an exciting high strain high force inchworm. 

Finite element analysis continues to be an important tool for understanding the more 
complex composite structures and their beam forming capability in water. Thin and Thick 
Thin Film Studies are gearing up to provide the material base for micro-tonpilz arrays. New 
exploitation of ultra sensitive strain and permittivity measurements is providing the first 
reliable data of electrostriction in simple solids, and suggesting new modes for separating the 
polarizability contributors in dielectrics and electrostrictors. 
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ABSTRACT 

The report documents work carried out over the period 31 July 1996 to 31 December 
1997 on a Multi-University Research Initiative (MURI) program under Office of Naval 
Research (ONR) sponsorship. The program couples transducer materials research in the 
Materials Research Laboratory (MRL), design and testing studies in the Applied Research 
Laboratory (ARL) and vibration and flow noise control in the Center for Acoustics and 
Vibration (CAV) at Penn State. 

The overarching project objective is the development of acoustic transduction 
materials and devices of direct relevance to Navy needs and with application in commercial 
products. The initial focus of studies is upon high performance sensors and high authority 
high strain actuators. This objective also carries the need for new materials, new device 
designs, improved drive and control strategies and a continuing emphasis upon reliability 
under a wide range of operating conditions. 

In Material Studies, undoubtedly major breakthroughs have occurred in the ultra- 
high strain relaxor ferroelectric systems. Earlier reports of unusual piezoelectric activity in 
single crystal perovskite relaxors have been amply confirmed in the lead zinc niobate : lead 
titanate, and lead magnesium niobate : lead titanate systems for compositions of 
rhombohedral symmetry close to the Morphotropic Phase Boundary (MPB) in these solid 
solutions. Analysis of the unique properties of 001 field poled rhombohedral ferroelectric 
crystals suggests new intrinsic mechanisms for high strain and carries the first hints of how to 
move from lead based compositions. A major discovery of comparable importance is a new 
mode of processing to convert PVDF:TrFE copolymer piezoelectric into a relaxor 
ferroelectric in which electrostrictive strains of 4% have been demonstrated at high fields. 
Both single crystal and polymer relaxors appear to offer energy densities almost order of 
magnitude larger than in earlier polycrystal ceramic actuators. 

Transducer Studies have continued to exploit the excellent sensitivity and remarkable 
versatility of the cymbal type flextensional element. Initial studies of a small cymbal arrays 
show excellent promise in both send and receive modes, and larger arrays are now under 
construction for tests at ARL. New studies in constrained layer vibration damping and in flow 
noise reduction are yielding exciting new results. 

In Actuator Studies, an important advance in piezoelectric generated noise control 
now permits wider use of acoustic emission as a reliability diagnostic technique. Joint studies 
with NRL, Washington have developed a completely new d15 driven torsional actuator and the 
CAV program element has designed an exciting high strain high force inchworm. 

Finite element analysis continues to be an important tool for understanding the more 
complex composite structures and their beam forming capability in water. Thin and Thick 
Thin Film Studies are gearing up to provide the material base for micro-tonpilz arrays. New 
exploitation of ultra sensitive strain and permittivity measurements is providing the first 
reliable data of electrostriction in simple solids, and suggesting new modes for separating the 
polarizability contributors in dielectrics and electrostrictors. 
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INTRODUCTION 
This report delineates the research performed over the period of 31 July 1996 to 

31 December 1997 on an MURI under Office of Naval Research contract N00014-96-1- 
1173 on the topic "Acoustic Transduction: Materials and Devices." The program brings 
together activities in the Materials Research Laboratory (MRL), the Applied Research 
Laboratory (ARL), and the Center for Acoustic and Vibration (CAV) at Penn State. Principal 
Investigator on the program is Professor Kenji Uchino, Professor of Electrical Engineering at 
Penn State and the Program Officer in ONR is Dr. Scott Littlefield. 

The overarching project objective is the development of acoustic transduction 
materials and devices of direct relevance to Navy needs and with application in commercial 
products. The initial focus is upon high performance sensors and high authority high strain 
actuators. This however also carries the need for new materials, new device designs, improved 
drive and control strategies and a continuing emphasis upon reliability under a wide range of 
use conditions. 

In the original proposal, the topics to be studied were divided into: 

MATERIAL STUDIES A.S. Bhalla 
COMPOSITE SYSTEMS R.E. Newnham 
DEVICE STRUCTURES T.R. Shrout 
MODELLING W. Cao 
DEVICE FABRICATION and TESTING WJ. Hughes 
AIR ACOUSTICS and STEP and REPEAT SYSTEMS G. Lesieutre 

Following long established precedent, the report will draw upon published results 
which will be connected by a brief narrative summary to highlight the major achievements. 
For convenience the work will be presented under: 

1.0       GENERAL SUMMARY PAPERS 
2.0      MATERIALS STUDIES 

2.1 Polycrystal Perovskite Ceramics 
2.2 Relaxor Ferroelectric Single Crystal Systems 
2.3 New High Strain Polymer Materials 

3.0      TRANSDUCER STUDIES 
3.1 Cymbal: Moonie : BB Composites 
3.2 Frequency Agile Transducers 
3.3 3-D Acoustic Intensity Probes 

4.0       ACTUATOR STUDIES 
4.1 Materials : Designs : Reliability 
4.2 Photostrictive Actuators 
4.3 New Torsional Amplifier/Actuators 
4.4 High Force Amplifiers and Inch worms 

5.0      MODELING and CHARACTERIZATION 
5.1 Finite Element Methods 
5.2 Relaxor Ferroelectrics 
5.3 Thin and Thick Thin Films 
5.4 Domain Studies 
5.5 Electrostriction 
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In the General Summary Papers, the senior faculty continue to discharge their 
responsibility as educators updating and explaining the general background topics 
piezoelectricity, smart material systems, and the status of electroceramic R&D in the US vs 
Japan. 

Materials Studies in polycrystal perovskite ceramics have focused upon ultra soft 
systems, where the whole poling strain may be utilized at low frequency, and upon 
antiferroelectric : ferroelectric switching compositions. Undoubtedly however the major 
breakthroughs have occurred in ultra-high strain relaxor ferroelectric systems. Current studies 
have amply confirmed the massive strain, blocking force, and exceptional energy density in 
the relaxor perovskite single crystals. A major new discovery of comparable importance has 
been a new mode of processing to convert PVDF:TrFE copolymer piezoelectric into a relaxor 
ferroelectric in which electrostrictive strains up to 4% can be induced at high fields. Both 
single crystal and polymer relaxors appear to offer energy densities almost order of 
magnitude higher than in earlier actuator materials. 

Transducer Studies have continued to underscore the excellent sensitivity and 
remarkable versatility of the cymbal type flextensional elements. Initial testing of a 3 x 3 
cymbal array shows excellent promise is both send and receive modes in water, and a larger 
array is under construction. 

New work in vibration absorption has demonstrated the advantage of agile, lightly 
damped resonant absorbers. Segmented active constrained layer damping is shown to be 
more robust than a single active layer, and studies of an axially constrained beam raise 
interesting questions in the definition of piezoelectric coupling coefficient. 

Noise control studies demonstrate a significant advantage for a hot wire anemometer : 
microphone combination with suitable feedback to quiet flow noise. Continuing the 
educational role, a software generated virtual sound level meter is discussed for hands on 
student analysis of acoustic signals. 

Actuator Studies explore acoustic emission as a tool in reliability assessment, 
photostriction in both bulk and thin films. In single crystals a possible model for the very 
high coupling is proposed. Joint studies with NRL have evolved a completely new type of d15 

driven torsional amplifier/actuator. A new design of high force piezoelectric inchworm is 
presented and rotary motors are discussed for a very wide range of scales down to 3 mm 
diameter. 

Finite element models are developed for 1:3 and 2:2 composites and beam forming 
characteristics explored. Thick and thin film systems are discussed, and very rapid change 
release documented for backswitching square loop antiferroelectrics. Electrostriction is the 
basic driving force in all perovskite piezoelectrics. Using new ultra-sensitive measuring 
techniques it has been possible for the first time to determine quantitatively the 
electrostriction constants for simple low permittivity glasses and ceramics. 

1.0       GENERAL SUMMARY PAPERS 
"Piezoelectricity" by Yukio Ito and Kenji Uchino is an encyclopedia article covering 

the History Properties and Applications of Ceramic Piezoelectrics (1). A very useful 
discussion of molecular mechanisms in smart materials is presented by R.E. Newnham, which 
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is an edited version of his David Turnbull Lecture in MRS (2). Electroceramics research and 
development in the US and Japan (3) gives a very clear summary of patent history, ongoing 
interests and future prospects across this whole field. 

2.0 MATERIALS STUDIES 
2.1 Polycrystal Ceramics 

Lead indium niobate : lead titanate (PIN:PT) is a solid solution system embracing a 
morphotropic boundary at the 62 mole% PIN composition. MPB composition yield soft 
piezoelectrics with d33 ~ 395 pC/N, d31 - 175 pCVN and Pr ~ 35 uc/cm2 (4). In the lead 
scandium niobate : lead titanate system it is possible to develop ultra-soft compositions with 
S3~ 0.4% and narrow hysteresis (5). A very interesting family of papers (6,7,8,9,10,11) 
follow the polarization and strain generating mechanisms in the lead magnesium niobate 
system in detail. The role of the heterogeneous structure of nano-polar regions is clearly 
expounded, the changing volume of the polar phase is quantified for the first time, and the 
very strong influence of the volume conserving polarization changes in this heterogeneous 
structure properly expounded. 

The effects of 'donor' and 'acceptor' dopants in the PZT:Pb(Y2/3W1/3)03 ceramics at 
the 0.02 Pb(Y2/3W1/3)03 composition have been examined (12) showing a beneficial effect 
from donor dopants without significant degradation of Q. Exploration of grain size effects in 
soft PZT show that ceramics with average grain size down to 1 |im can be produced (13) with 
negligible degradation of piezoelectric properties, but much enhanced mechanical properties. 
For the torsional mode actuator discussed later, it is important to know the behavior of d15 at 
higher E fields and the compositions which will permit maximum induced strain (14). Papers 
(15, 16, 17, 18, 19) deal with aspects of the behavior of phase switching antiferroelectric : 
ferroelectric lead zirconate titanate stannate compositions. The behaviors are most interesting 
and unusual in that both antiferroelectric and ferroelectric phases have different ferroelastic 
domain structures which respond to elastic stress fields. This lead to an uncoupling of 
polarization and strain switching (15) and the "strange" effect that the field induced uniaxial 
strain is larger under compressive stress than in the unstressed state (18). Dopants can be used 
to control the temperature dependence of the switching (16) and isovalent substituents used to 
modify the hysteresis between forward (AF -> F) and backward (F -» AF) switching.(17) 
Grain size reduction enhances mechanical strength (19) without degrading of electrical 
properties, provided final sintering is carried out above 1000°C. 

2.2 Relaxor Ferroelectric Single Crystal Systems 
The first 'popular' announcement of the massive piezoelectric response in the relaxor 

single crystals of the lead zinc niobate : lead titanate system was in Science (20) composed by 
that magazine's science writers. A more balanced account (21) gives a proper comparison 
with earlier polycrystal systems, emphasizing the unique character of the 001 field poled 
rhombohedral state for compositions close to the morphotropic phase boundary (MPB). The 
behavior is confirmed (22) with coupling coefficients k33 up to 0.94 and maximum S3 strain 
of order 1.7%. A simple model is also proposed to account for the unusual anhysteritic strain 
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behavior. A wider range of possible relaxor based MPB compositions are proposed (23) with 
higher Curie temperatures, and the large property values further confirmed (24). 

Effects of flux growth conditions on realized properties are discussed (25) which 
highlights the difficulty of annealing the crystals which are in the metastable perovskite form. 
Relaxor type behavior is confirmed by domain studies (26) which reveal the expected micro- 
to-macro domain induction by electric field in zero field cooled crystals and reveals the 
persistent static domain structure in 001 poled sections of the rhombohedral symmetry. 
Probably the first area of application for the single crystal will be in medical ultrasound (27). 
The possible major advantages associated with the large permittivity and exceptional coupling 
coefficient k33 are discussed (28) and an intercomparison with soft PZT given (29). 

2.3       High Strain Polymer Electro stricters 

Here-to-fore the Ferroelectrics group at Penn State has been focused on inorganic 

ceramic piezoelectrics, with polymers treated as a passive phase for composites. Reports of 

very large (5%) field induced strains in polyurethane elastomers and our major interests in 
electrostriction kindled a new interest. In cooperation with NRL Orlando, work was initiated to 

sort out "true" electrostriction from the compressive effects of Maxwell Stress in soft 
segmented polyurethane elastomers (30). Below the glass transition temperature, only 10% of 
strain is from Maxwell stress, however at 40°C between 35 and 50% of strain in these soft 
polymers is Maxwell stress. Enhanced response in thin film urethanes is measured (31) and 
explained on the basis of a charge injection/space charge model. A novel conductive polymer 
(poly pyrrole) electrode is developed in (32) and shown to have excellent compatibility with 
the urethane and electrical properties at low frequency equivalent to metal electrodes. 

A major breakthrough in current work has been an electron irradiation treatment for 
the polyvinylidene fluoride-trifluoroethylene copolymer (33) which converts the system to a 
relaxor ferroelectric. Properties achieved are startlingly similar to lead magnesium niobate, 
with strong dispersion of the dielectric permittivity following Vogel Fulcher Law, anhysteretic 
response, recovering hysteresis at low temperature and massive electrostriction with strains up 
to 4% at high field levels. Clearly a most exciting development for sensor and actuator 
systems 

3.0 TRANSDUCER STUDIES 
3.1 Cymbal, Moonie, and BB Composites 

Composite Studies at the MRL are reviewed (34) and the more general composite 
scene reviewed.(35) The focus is narrowed to piezoelectric systems (36) and specifically to 
the flextensional systems (37). Significantly more detail for the cymbal geometry is given in 
(38) which used finite element analysis and experimental verification to demonstrate the 
advantage of this geometry. The advantages are further underscored in (39) which compares 
the salient characteristics of multilayers, bimorphs, rainbows, cymbals, and moonies. The 
resonant characteristics of the cymbal are analyzed by finite element methods (40) and 

compare well with experiment. The versatility of the system is highlighted by experiments 
with two different end cap metals, and different end cap geometries, which clearly 
demonstrate the capability to sustain two largely  uncoupled   resonance  frequencies.(41) 
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Cymbal resonant mode analysis by FEM is further delineated in (42) which calculates mode 
shapes resonant frequencies and admittance spectra in excellent agreement with measured 
properties. 

Characteristics for a simple 3x3 cymbal array as a shallow water larger area 
transducer are discussed (43) and shown to be competitive with the more widely used tonpilz. 
Preliminary examination of the hollow mini-sphere PZT BBs as a focused ultrasound 
transducer are presented in (44) showing center frequency at 48 MHz, bandwidth 22% and 
insertion loss- 44 dB. A detailed discussion of the preparation, characterization, electroding 
and performance of the hollow sphere Bbs is given in (45). Piezoceramics for high frequency 
single element imaging transducers are discussed in (46) using both PZT and modified lead 
titanate. In each case except where cable impedance is dominant there is performance benefit 
from electrical matching. 

3.2 Frequency Agile Transducers 
In piezoelectric resonant vibration damping, maximum effect at a single frequency 

can be achieved by a lightly damped piezoelectric resonator. An interesting scheme for active 
tuning using parallel shunt capacitance has been demonstrated (47) with an average 
improvement of 10 dB across the tuning range as compared to a simple passive system. Both 
capacitative and resistive shunting methods are discussed in (48). A new model treatment has 
been developed for segmented constrained layer damping using frequency dependent 
viscoelastic media, and shown to be more robust then a single continuous active constrained 
layer (49). Damping of rotocraft blades is considered in (50) which makes a strong case for 
distributed discrete tuned absorbers. The influence of destabilizing mechanical pre-loads on 
flexural beam resonance are considered in (51) and the question posed as to whether the 
effective coupling coefficient of such a system may exceed that of a driving piezoelectric. 

3.3 3-D Acoustic Intensity Probes 
For active noise control on intriguing approach for reducing axial flow fan noise uses 

the fan blades as the coupling diaphragm for the noise canceling loudspeaker (52). To 
explore sound fields in low flow noise environments, a hot wire anemometer: microphone 
combination (hot-mic) with suitable feedback is considered (53) and shown to permit of 
order 20 dB reduction in flow noise at frequencies below 100 Hz, without perturbing the 
measured sound field. Verification of the performance of such a combination is given in (54) 
using adaptive filtering of the hot-wire signal in subtraction from the microphone output. The 
educational role is taken up in (55) where a software generated virtual sound-level meter is 
described which can have broad application for "hands-on" student analysis of acoustic 
signals. 

4.0 ACTUATOR STUDIES 
4.1 Materials : Designs : Reliability Issues 

Trends in piezoelectric ceramic actuator materials, actuator designs, drive and control 
techniques, device design and application are discussed in (56). Materials issues are further 
reviewed in (57) but now from the perspective of device design and driving methods. Shape 
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memory possibilities in ceramic systems are discussed in (58) based on the antiferroelectric : 
ferroelectric phase switching materials. Acoustic emission as a diagnostic technique for 
actuator reliability has taken a great leap forward with the discovery and isolation of spurious 
power supply induced 'vibrational' noise (59). It now begins to be possible to explore the 
role of domain switching in acoustic emission (60), and the possible use of AE for damage 

assessment is now realized (61). The complex of reliability issues for multilayer systems is 
discussed in (62) for both actuators and motors. 

4.2 Photostrictive Actuation 

Optical driving of displacement using the photovoltaic effect in ferroelectrics is 
examined in (63) showing nonlinear behavior as a function of sample thickness and 
illumination intensity. Corresponding photostriction driven by the photovoltage is reviewed in 

(64) for W03 doped PZTs. Studies of the effect of sample thickness for this ceramic suggest 

an optimum at -32 mm. The advantage of sol-gel synthesized ceramics in the same W03 

doped system is demonstrated in (65) and further examined in (66) which considers grain 
size, homogeneity and high density as the critical parameters. Optical actuation of unimorph 
structures is discussed in (67) and potential advantages of a highly flexible polymeric 
substrate hypothesized. 

4.3 New Torsional Amplifier/Actuator 

In cooperation with NRL, a completely new concept has been developed for a 
torsional actuator/amplifier driven by the piezoelectric d15 (68). Amplification is developed 
by using the shear mode actuator as a segment in a cylinder forcing the shear to rotate the 
tube and giving an amplification Ur where r is the radius and / the length of the tube. Unlike 
most amplifiers, because increased length encompasses more drive ceramic the gain is not at 
the expense of torque. 

Study of dJ5 at higher drive levels reveals a strong positive nonlinearity, which is of 
fundamental interest (14) but also vastly beneficial to the torque capability (69). 

4.4 High Force Amplifiers and Inchworms 

High power level characterization of piezoceramics is discussed in (70) which 
explores the limitations and advantages of constant voltage , constant current and pulsed 
excitation of resonance. Ultra high coupling in the lead zinc niobate: lead titante single 
crystal is examined in (71) and possible explanations for the unusual properties of 001 poled 
rhombohedral compositions explored. The potentiality of the single crystal materials for 
actuator application is emphasized in (72) which show energy densities 5x that available in 
PZT or PMN polycrystals. 

Design and testing of a high authority PZT cofired multilayer actuator and frame 
structures is discussed in (73) the system permits direct measurement of both electrical input 
and mechanical output power. The system is as expected most efficient when the mechanical 

impedance is matched to the corresponding mechanical load. The design, calibration and 
performance of a new type of surface probe to measure acceleration and acoustic pressure is 
discussed in (74). The device uses commercial accelerometer and microphone components, 
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chosen for low mass and low phase shifts. A most interesting high strain, high force 
inchworm, is described in (75, 76, 77) which permits speeds of order 1 cm/sec dynamic force 
in excess of 50N and a clamped holding force greater than 200 N. 

Piezoelectric Ultrasonic motors are reviewed in (78). Both standing wave and traveling 
wave rotary and linear motors are considered and characteristics compared to electromagnetic 
motors. Very compact ultrasonic motors are described in (79). 

5.0 MODELING and CHARACTERIZATION STUDIES 
5.1 Finite Element and Modeling Methods 

The finite element methods have proven most useful in the analysis of complex 
composite structures. Resonant modes in moonies and cymbals (38) thickness mode 
resonances in 2-2 connected piezoceramic/polymer systems (80) where both mode structures 
and beam pattern in water can be traced (81). The FEM is always in competition with direct 
analysis which can be applied to the regular 2:2 geometry (82) and can even calculate the 
interactions with a matching layer for a water load (83). Model methods have also been 
applied to the resonant modes and losses in 1:3 composites where the mechanical Q of the 
ceramic plays the major role (84). 

5.2 Relaxor Ferroelectrics 
The diffuse phase transition and relaxor character is discussed on the basis of Landau 

theory for the local polar regions (85). In (86) a similar treatment is applied to a ferroelectric 
multilayer of ultra-thin layers indicating the possibility of enhanced dielectric response over a 
broadened temperature range. For the PZT system (87) Landau Devonshire theory has been 
applied to explore orientation dependence of the intrinsic dielectric and piezoelectric 
response. Interestingly the maximum response in the rhombohedral phase is for fields 57° to 
the polar axis suggesting that in thin films, the 001 orientation in the rhombohedral phase 
may be most effective. 

5.3 Thin and Thick Thin Films 
Current status of research on integrated ferroelectric thin films is summarized in (88) 

which discusses perovskite, bismuth oxide layer structure and 'relaxor' ferroelectrics. It has 
often been postulated that thin film antiferroelectric could make excellent capacitors and 
transducers if bulk type switching could be preserved. For lead lanthanum zirconate titanate 
stannate (89) demonstrates that square loop character is preserved in films down to 0.4 \Lm 
thick, and that rapid charge release ~10 n sec is possible from the F -» AF transition. 
Techniques for sol-gel deposition of the PLSnZT films are discussed in (90). Both "square" 
are "slanted loop" compositions have been developed and shown to produce switchable S3 

strain up to 0.4% (91). 

5.4 Domain Studies 
Direct observation of 180" domain structures in LiTa03 single crystals, without 

etching or surface coating has been demonstrated using an environmental scanning electron 
microscope, which avoids surface charging effects (92). Detailed observation of ferroelastic 

17 ONR/MURI1997 Annual Report 



domains in hard and soft PZT ceramics suggest that the bulk domain configuration can be 
'frozen* in thin section. It is shown that the accepted parabolic law for ferroelastic domain 
wall separation is only valid for grain size in the range 1-10 Jim, and that at lower sizes below 
1 u.m the exponent is smaller than 1/2 (93). Scanning force microscopy using both contact 
and noncontact modes has been used to study dielectric ferroelectric and piezoelectric 
properties of ferroelectric films (94). The technique appears to offer scope for identifying 
small inclusion of second phase, polarization hysteresis from nano scale regions, with both 
piezoelectric and dielectric permittivity information. 

5.5       Electrostriction 
Electrostriction is probably the most important elasto-electric coupling parameter, yet 

until the measurements at Penn State no reliable data were available in the literature for simple 
low permittivity solids. Recent measurements (95) using both ultradilatometry (direct) and 
precision compressometry (converse) effects have filled the gap with completely reliable data. 

It is surprising to see the enormous range of the polarization related hydrostatic 
electrostriction constants, ranging  from   0.006   m /c   in  relaxor  ferroelectrics,  to  over 

4    2 850 m /c in elastomeric polymers almost six orders of magnitude (96). For glass systems the 
behavior is frequency dependent in the alkali silicates, but almost frequency independent in 
pure silica glass (97). Preliminary data suggest that electrostriction (as we have shown in the 
relaxors) may be a very effective tool for probing the different polarizability mechanisms in 
dielectric systems. 

6.0       GRADUATE STUDENTS IN THE PROGRAM 

Student Supervisor 
E. Alberta A.S. Bhalla 
D. Van Tol W.J. Hughes 
P. Bednarchik W.J. Hughes 
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E.W. Constans G. Koopmann 
M. Yang G. Koopmann 
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J.Wang G.C. Lauchle 
D.E. Capone G.C. Lauchle 
K. Bastyr G.C. Lauchle 
J. Tressler (Graduated, PhD, Nov. 1997). R.E. Newnham 
J. Zhang R.E. Newnham 
Y.-H. Chen K. Uchino 
X. Dong Q.M. Zhang 
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7.0       HONORS and AWARDS 
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3 

Introduction 

Certain materials produce electric charges on their surfaces as a consequence of applying 

mechanical stress. The induced charges are proportional to the mechanical stress. This is 

called the direct piezoelectric effect and was discovered by J. and P. Curie in 1880. 

Materials showing this phenomenon also conversely have a geometric strain proportional 

to an applied electric field. This is the converse piezoelectric effect. The root of the 

word "piezo" means "pressure"; hence the original meaning of the word piezoelectricity 

implied "pressure electricity". (1)(2) 

Piezoelectric materials provide coupling between electrical and mechanical parameters. 

The material used earliest for its piezoelectric properties was single-crystal quartz. 

Quartz crystal resonators for frequency control appear today at the heart of clocks and 

are also used in TVs, computers. Ferroelectric polycrystalline ceramics such as barium 

titanate and lead zirconate titanate exhibit piezoelectricity when electrically poled. Since 

these ceramics possess significant and stable piezoelectric effects, i.e., high 

electromechanical coupling, they are capable of producing large strains / forces and hence 

are extensively used as transducers. Piezoelectric polymers, notably polyvinyliden 

difluoride and its copolymers with trifluoroethylene and piezoelectric composites 

combining a piezoelectric ceramic with a passive polymer have been developed which 

offer a high potential. Recently, thin films of piezoelectric materials are being paid 



attention due to their potential utilization in micro-sensors, micro-transducers and micro- 

actuators. 

Piezoelectricity is being extensively utilized in the fabrication of various devices such as 

transducers, actuators, surface acoustic wave devices, frequency control and so on. In 

this chapter we describe the piezoelectric effect, brief history of piezoelectricity followed 

by present day piezoelectric materials that are used and finally various potential 

applications of piezoelectric materials. 

Piezoelectricity 

Relationship between crystal symmetry and properties 

All crystals can be classified into 32 point groups according to their crystallographic 

symmetry. These point groups are divided into two classes; one has a center of 

symmetry and another lacks it. There are 21 non-centrosymmetric point groups. 

Crystals belonging 20 of these point groups exhibits piezoelectricity. The cubic class 

432, although lacking a center of symmetry, does not permit piezoelectricity. Of these 20 

point groups, there are 10 polar crystal classes containing a unique axis, along which an 

electric dipole moment is oriented in the unstrained condition. 



Pyroelectric effect appears in any material that possess a polar symmetry axis. As a 

result of this the material develops electric charge on the surface owing to change in 

magnitude of the dipole moment with changing temperature. Among the pyroelectric 

crystals whose spontaneous polarization are reorientable by application of an electric 

field of sufficient magnitude (not exceeding the breakdown limit of the crystal) are called 

ferroelectrics. (3)(4) Table 1 shows the crystallographic classification of the point 

groups. 

Piezoelectric coefficients 

Materials are deformed by stresses and the resulting deformations are represented by 

strains (AL/L). When the stress T (force per unit area) causes a proportional strain S, 

S-T. (») 

where all quantities are tensors; S and T are second rank and s is fourth rank. 

Piezoelectricity creates additional strains by applied field E. The piezoelectric equation is 

given by 

Sq-syiTü +dytEk <2> 

where E is the electric field and d is the piezoelectric constant which is the third rank 

tensor. This equation can be also expressed in a matrix form such as given for the case in 

a poled ceramics: 
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Another frequently used piezoelectric constant is (g' which gives the electric field 

produced when a stress is applied (E = gT). The 'g' constant is related to the V constant 

through the permitivity e. 

g = d/e (4) 

A measure of the effectiveness of the electromechanical energy conversion is the 

electromechanical coupling factor ik\ which measures the fraction of the electrical energy 

converted to mechanical energy when an electric field is applied or vice versa when a 

material is stressed. (5) The relationship is in terms of*2. 

& 

or 

Electrical Energy Converted to Mechanical Energy 
Input Electrical Energy 

(5) 

,_    Mechanical Energy Converted to Electrical Energy 
Input Mechanical Energy 

which also can be expressed by 

P=d2/(es). 

(6) 

(7) 

Jfcis always less than 1, because A^ is below 1. Typical values of A: are 0.10 for quartz, 0.4 

for BaTi03 ceramic, 0.5 - 0.7 for PZT ceramic and 0.1 - 0.3 for PVDF polymer. Another 



important material parameter is the mechanical quantity factor Qm which determines the 

frequency characteristics. The Qm is given by 

Energy stored over one cycle /gx 
m Energy dissipated per cycle 

History of Piezoelectricity 

As stated already the discovery of piezoelectricity in quartz (which is not ferroelectric) 

was done by Piere and Jacques Curie in 1880. Ferroelectricity can provide the creation of 

useful piezoelectric materials. Rochelle salt was the first ferroelectric discovered in 1921. 

Till 1940 only two types of ferroelectrics were known, Rochelle salt and potassium 

dihydrogen phosphate and its isomorph. In 1940 to 1943, unusual dielectric properties 

like abnormally high dielectric constant of barium titanate BaTi03 was discovered 

independently by Wainer and Salmon, Ogawa, and Wul and Golman. After the discovery, 

compositional modifications for BaTi03 led to improvement in the temperature stability 

or the high voltage output. Piezoelectric transducers based on BaTi03 ceramics were 

becoming well established in a number of device applications. 

In 1950's Jaffe and co-workers established the lead zirconate - lead titanate system (called 

PZT system) as suitable for inducing strong piezoelectric effects. The maximum 

piezoelectric response was found for PZT compositions near the morphotropic phase 

boundary, i.e., the composition-dependent and temperature independent rhombohedral- 



tetragonal phase change. Since then, the PZT system with various additives has become 

the dominant piezoelectric ceramics for potential applications. Other ferroelectric 

perovskite compounds were also extensively examined. The discovery of PZT solid 

solution system was rapidly followed by its exploitation in a number of practical 

piezoelectric applications. 

Kawai et al., discovered in 1969 that certain polymers, notably polyvinyliden difluoride, 

are piezoelectric when stretched during fabrication. Such piezoelectric polymers are also 

useful for some transducer applications. In 1978 Newnham et al., improved composite 

piezoelectric materials by combining a piezoelectric ceramic with a passive polymer 

whose properties can be tailored to the requirements of various piezoelectric devices. 

There is another class of ceramic material which recently has become important; relaxor- 

type electrostrictors such as lead magnesium niobate [PMN], typically doped with 10% 

lead titanate [PT], which are potentially used for applications in piezoelectric actuator 

field. Recent breakthrough in the growth of high quality large single crystal relaxor 

piezoelectric compositions has brought the interest in these materials for wide 

applications ranging from high strain actuators to high frequency transducers for the 

medical ultrasound devices due to their superior electromechanical characteristics. More 

recently, thin films of piezoelectric materials such as zinc oxide [ZnO], or PZT have been 

extensively investigated and developed for use in micro electromechanical device 

applications. 



Piezoelectric Materials 

This section summarizes the current status of piezoelectric materials: single crystal 

materials, piezoceramics, piezopolymers, piezocomposites and piezofilms. Table 2 

shows the material parameters of some representative piezoelectric materials described 

below. (6)(7) 

Single crystals 

More recently, the piezoelectric ceramics are widely used for a large number of 

applications. However, single crystal materials retain their utility, being essential for 

application field such as frequency stabilized oscillators and surface acoustic devices. 

The most popular single-crystal piezoelectric materials are quartz, lithium niobate 

(LiNbOj) and lithium tantalate (LiTa03). The single crystals are anisotropic, which gives 

different material properties depending on the cut of the materials and the direction of 

bulk or surface wave propagation. 

Quartz is a well-known piezoelectric material, a-quartz belongs to triclinic crystal system 

with point group 32 and has a phase transition at 537 °C to ß-type which is not a 

piezoelectric. Quartz has the cut with a zero temperature coefficient. For instance, 
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quartz oscillators using thickness shear mode of AT-cut are extensively used for clock 

sources in computers, frequency stabilized ones in TVs and VTRs. On the .iher hand, an 

ST-cut quartz substrate with X-propagation has a zero temperature coefficient for surface 

acoustic wave and so are used for SAW devices with high-stabilized frequencies. The 

another distinguished characteristic of quartz is that it has a extremely high mechanical 

quality factor Qm > 105. 

Lithium niobate and lithium tantalate belong to an isomorphous crystal system and are 

composed of oxygen octahedron. The Curie temperatures of LiNb03 and LiTa03 are 

1210 and 660 °C, respectively. The crystal symmetry of the ferroelectric phase of these 

single crystals is 3m and the polarization direction is along c-axis. These materials have 

high electromechanical coupling coefficients for surface acoustic wave. In addition, large 

single crystals can easily be obtained from their melt using the conventional Czochralski 

technique. Thus both materials occupy very important positions in the SAW device 

application field. 

Ceramics 

Pcrovskite Structure 
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Most of the piezoelectric ceramics have perovskite structure AB03, as shown Fig.l. 

This ideal structure consists of a simple cubic unit cell with a large cation A on the corner, 

a smaller cation B in the body center, and oxygens O in the centers of the faces. The 

structure is a net-work of comer-linked oxygen octahedra surrounding B cations. 

Piezoelectric properties of perovskite-structure materials can be easily tailored depending 

on their applications by incorporating various cations in the perovskite structure. 

Barium titanate 

Barium titanate BaTiOj is one of the most thoroughly studied and most widely used 

piezoelectric materials. Figure 2 shows the temperature dependence of dielectric 

constants in BaTi03 demonstrating the phase transition in BaTi03 single crystals. Three 

anomalies can be observed. The discontinuity at the Curie point (130 °C) is due to a 

transition from a ferroelectric to a paraelectric phase. The other two discontinuities are 

accompanied with transitions from one ferroelectric phase to another. Above the Curie 

point the crystal structure is cubic and has no spontaneous dipole moments. At the Curie 

point the crystal becomes polar and the structure changes from a cubic to a tetragonal 

phase. The tetragonal axis is in the direction of the dipole moment and thus along the 

spontaneous polarization. Just below the Curie temperature, the vector of the 

spontaneous polarization points in the [001] direction (Tetragonal phase), below 5 °C it 

reorients in the [Oil] (Orthrhombic phase) and below - 90 °C in the [111] (Rhombohedral 
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phase). The dielectric and piezoelectric properties of ferroelectric ceramic BaTi03 can be 

affected by its own stoichiometry, microstructure, and by dopants entering into the A or 

B site solid solution. Modified ceramic BaTi03 with dopants such as Pb or Ca ions have 

been used as commercial piezoelectric materials. 

Lead zirconate- lead titanate 

Piezoelectric Pb(Ti,Zr)03 solid solutions [PZT] ceramics have been widely used because 

of their superior piezoelectric properties. The phase diagram of the PZT system 

(PbZrxTii.x03) is shown in Fig. 3. The crystalline symmetry of this solid-solution 

system is determined by the Zr content. Lead titanate has also a tetragonal ferroelectric 

phase of perovskite structure. With increasing Zr content, x, tetragonal distortion 

decreases and when x > 0.52 the structure changes from tetragonal 4mm phase to another 

ferroelectric phase of rhombohedral 3m symmetry. This transition is rather independent 

of temperature. The line dividing the two phases is called morphotropic phase boundary, 

that is, the change of symmetry occurs only as a function of composition. This 

composition is considered to have both phases. Figure 4 shows the dependence of several 

d constants on composition near the morphotropic phase boundary. The d constants 

have their highest values near the morphotropic phase boundary. This enhancement in 

piezoelectric effect is attributed to the increased ease of reorientation of the polarization 

under electric field. Doping the PZT material with donors or acceptor changes the 

properties dramatically. Donor doping with ions such as Nb5+ or Ta5+ provides soft 
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PZTs like PZT-5, because of the facility of a domain motion due to the resulting Pb- 

vacancy. On the other hand, acceptor doping such as Fe3+ or Sc3+ leads to hard PZTs 

such as PZT-8, because oxygen vacancies will pin the domain wall motion. 

Lead titanate 

Lead titanate has a large crystal distortion. PbTi03 has tetragonal structure at room 

temperature with its tetragonality c/a = 1.063. The Curie temperature is 490 °C. Densely 

sintered PbTi03 ceramics can not be obtained easily, because they break up into a powder 

when cooled through the Curie temperature. This is due to the large spontaneous strain 

which occurs at the transition. Lead titanate ceramics modified by adding small amount of 

additives which exhibits a high piezoelectric anisotropy. Either (Pb, Sm)Ti03 (8) or (Pb, 

Ca)Ti03 (9) has extremely low planar coupling, that is, large k I kp ratio. Here, k and 1% 

are thickness-extensional and planar electromechanical coupling factors, respectively. 

(Pb, Nd)(Ti, Mn, ln)03 ceramics with a zero temperature coefficient of surface acoustic 

wave delay have been developed as a superior substrate materials for SAW device 

applications. (10) 

Polymers 
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Polyvinylidene difluoride, PVDF or PVF2, is piezoelectric when stretched during 

fabrication. Thin sheets of the cast polymer are then drawn, stretched, in the plane of the 

sheet in at least one direction, and frequently also in the perpendicular direction, to make 

the material into its microscopically polar phase. Crystallization from melt forms non- 

polar a-phase, which can be converted into another polar ß-phase by a uniaxial or biaxial 

drawing operation; these dipoles are then reoriented through electric poling. Large sheets 

can be manufactured and thermally formed into complex shapes. The copolymerization 

of vinilydene difluoride with trifluoroethylene (TrFE) results in random copolymer 

(PVDF-TrFE) with a stable, polar ß-phase. This polymer need not be stretched; it can be 

poled directly as formed. The thickness-mode coupling coefficient of 0.30 has been 

reported. Such piezoelectric polymers are used for directional microphones and 

ultrasonic hydrophones. 

Composites 

Piezocomposites composed of a piezoelectric ceramic and polymer are promising 

materials because of excellent and tailored properties. The geometry for two-phase 

composites can be classified according to the connectivity of each phase (1,2 or 3 

dimensionaUy) into 10 structures; 0-0,0-1,0-2,0-3,1-1,1-2,1-3,2-2,2-3 and 3-3. (11) 

A 1-3 piezocomposite, or PZT-rod / polymer-matrix composite is identified as a most 

promising candidate. The advantages of this composite are high coupling factors, low 
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acoustic impedance, good matching to water or human tissue, mechanical flexibility, broad 

bandwidth in combination with low mechanical quality factor and the possibility of 

making undiced arrays by only structuring the electrodes. The thickness-mode 

electromechanical coupling of the composite can exceed the k. (0.40-0.50) of the 

constituent ceramic, approaching almost the value of the rod-mode electromechanical 

coupling, k33 (0.70-0.80) ofthat ceramic. (12) Acoustic impedance is the square root of 

the product of its density and elastic stiffness. The acoustic match to tissue or water (1.5 

Mrayls) of the typical piezoceramics (20-30 Mrayls) is significantly improved by 

forming a composite structure, that is, by replacing heavy and stiff ceramic by light and 

soft polymer. Piezoelectric composite materials are especially useful for underwater 

sonar and medical diagnostic ultrasonic transducer applications. 

Thin-films 

Both zinc oxide [ZnO] and aluminum nitride [A1N] are simple binary compounds with a 

Wurtzite-type structure, which can be sputter-deposited in a c-axis oriented thin film on a 

variety of substrates. ZnO has large piezoelectric coupling and its thin films are widely 

used in bulk acoustic and surface acoustic wave devices. The fabrication of highly c-axis 

oriented ZnO films have been extensively studied and developed. The performance of 

ZnO devices is, however, limited due to their small piezoelectric coupling (20 - 30%). 

PZT thin films are expected to exhibit higher piezoelectric properties. At present the 
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growth of PZT thin film is being carried out for use in micro-transducers and micro- 

actuators. 

Relaxor-type ferroelectric materials 

Relaxor ferroelectrics differ from normal ferroelectrics in terms of having broad phase 

transition from paraelectric to ferroelectric state, strong frequency dependence of 

dielectric constant (i.e. dielectric relaxation) and weak remanent polarization. Lead based 

relaxor materials have complex disordered perovskite structures with a general formula 

Pb(Bh B2)03 (B, = Mg2*, Zn2+, Sc3+,  B2 = Nb5+, Ta5+, W** ) The B site cations are 

distributed randomly in the crystal. The characteristic of relaxors is a broad and 

frequency dispersive dielectric maximum. Relaxor-type electrostrictive materials such as 

lead magnesium niobate PbfMgwNbwPs - lead titanate PbTi03 solid solution [PMN- 

PT] are very suitable for application in actuators. This relaxor ferroelectrics can also 

provide an induced piezoelectric effect. That is, the electromechanical coupling factor *, 

varies with the applied DC bias field. As the DC bias field increases, the coupling 

increases and saturates. This behavior is reproducible. These materials would be applied 

for ultrasonic transducers which can be tunable by the bias field. (13) 

Recently, single-crystal relaxor ferroelectrics have been developed which show great 

promising results in ultrasonic transducers and electromechanical actuators. Single 

crystals of Pb(MgwNbw)03 [PMN], Pb(Zn1/3Nbw)03 [PZN] and binary systems of 
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these materials combined with PbTi03 [PMN-PT and PZN-PT] exhibit extremely large 

electromechanical coupling factors. (14)(15) Large coupling coefficients and large 

piezoelectric constants have been found for these solid-solution crystals with 

morphotropic phase boundary compositions. PZN-8%PT single crystals were found to 

possess high *33 value of 0.94 for (001) crystal cuts. The fc33 value of the conventional 

PZT ceramics is usually 0.70-0.80. 

Applications of Piezoelectric Materials 

Piezoelectric materials can provide coupling between electrical and mechanical energy and 

thus have been extensively used in a variety of electro-mechanical device applications. 

The direct piezoelectric effect is most obviously used in the generation of charge at high 

voltage such as for the spark ignition of gas in space heaters, cooking stoves and cigarette 

lighters. Using the converse effect, mechanical small displacements and vibrations can be 

produced for actuators by applying a field. Acoustic and ultrasonic vibrations can be 

generated by an alternating field tuned at the mechanical resonance frequency of a 

piezoelectric device, and can be detected by amplifying the field generated by vibration 

incident on the material, which is usually used for ultrasonic transducers. The other 

important application field of piezoelectricity include the control of frequency. The 

application of piezoelectric materials ranges over many technology fields including 

ultrasonic transducers, actuators and ultrasonic motors, electronic components such as 

resonators, wave filters, delay lines, SAW devices and transformers, and high voltage 
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applications; gas ignitors, ultrasonic cleaning and machining. Piezoelectric-based sensors, 

for instance, accelerometers, automobile knock sensors, vibration sensors, stTain gages and 

flow meters have been developed, because pressure and vibration can be directly sensed 

as electric signals through piezoelectric effect. Examples of these applications are given in 

the following sections. 

Ultrasonic Transducers 

One of the most important applications of piezoelectric materials is based on ultrasonic 

echo field. (16)(17) Ultrasonic transducers convert electrical energy into mechanical form 

when generating an acoustic pulse and convert mechanical energy into an electrical signal 

when detecting its echo. Now-a-days, piezoelectric transducers are being used in medical 

ultrasound for clinical applications ranging from diagnosis to therapy and surgery. They 

are also used for underwater detection, such as sonar and fish finding, and nondestructive 

testing. 

The ultrasonic transducers operate often in a pulse-echo mode. The transducer converts 

electrical input into acoustic wave output. The transmitted waves propagate into a body 

and echoes are generated which travel back to be received by the same transducer. These 

echoes vary in intensity according to the type of tissue or body structure, thereby 

creating images. An ultrasonic image represents the mechanical properties of the tissue, 

such as density and elasticity. We can recognize anatomical structures in an ultrasonic 
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image since the organ boundaries and fluid-to-tissue interfaces are easily discerned. The 

ultrasonic imaging process can also be done in real time. This means we can follow 

rapidly moving structures such as heart without motion distortion. In addition, 

ultrasound is one of the safest diagnostic imaging techniques. It does not use ionizing 

radiation like X-rays and thus is routinely used for fetal and obstetrical imaging. Useful 

areas for ultrasonic imaging include cardiac structures, the vascular systems, the fetus and 

abdominal organs such as liver and kidney. In brief, it is possible to see inside the human 

body without breaking the skin by using a beam of ultrasound. 

There are various types of transducers used in ultrasonic imaging. Mechanical sector 

transducers consist of single, relatively large resonators and can provide images by its 

mechanical scanning such as wobbling. Multiple element array transducers permit 

discrete elements to be individually accessed by the imaging system and enable electronic 

focusing in the scanning plane to various adjustable penetration depths through the use of 

phase delays. Two basic types of array transducers are linear and phased (or sector). A 

linear array is a collection of elements arranged in one direction, producing a rectangular 

display. A curved linear (or convex) array is a modified linear array whose elements are 

arranged along an arc to permit an enlarged trapezoidal field of view. The elements of 

these linear type array transducers are excited sequentially group by group in a sweep of 

the beam in one direction. These linear array transducers are used for radiological and 

obstetrical examinations. On the other hand, in a phased array transducer the acoustic 

beam is steered by signals that are applied to the elements with delays, creating a sector 
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display. This transducer is useful for cardiology applications where positioning between 

the ribs is necessary. 

Figure 5 shows the basic ultrasonic transducer geometry. The transducer is mainly 

composed of matching, piezoelectric material and backing layers. (18) One or more 

matching layers are used to increase sound transmissions into tissues. The backing is 

added to the rear of the transducer in order to damp the acoustic backwave and to reduce 

the pulse duration. Piezoelectric materials are used to generate and detect ultrasound. In 

general, broadband transducers should be used for medical ultrasonic imaging. The broad 

bandwidth response corresponds to a short pulse length, resulting in better axial 

resolution. Three factors are important in designing broad bandwidth transducers. The 

first is acoustic impedance matching, that is, effectively coupling acoustic energy to the 

body. The second is a high electromechanical coupling coefficient of the transducer. The 

third is electrical impedance matching, that is, effectively coupling electrical energy from 

the driving electronics to the transducer across the frequency range of interest. These 

pulse echo transducers operate based on thickness mode resonance of the piezoelectric 

thin plate. The thickness mode coupling coefficient, A,, is related to the efficiency of 

converting electric energy into acoustic and vice versa. Further, a low planar mode 

coupling coefficient, Jfcp, is beneficial for limiting energies being expended in nonproductive 

lateral mode. A large dielectric constant is necessary to enable a good electrical impedance 

match to the system, especially with tiny piezoelectric sizes. 
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Table 3 compares the properties of ultrasonic transducer materials. (7)(19) Ferroelectric 

ceramics, such as lead zirconate titanate and modified lead titanate, are now-a-days almost 

universally used as ultrasonic transducers. The success of ceramics is due to their very 

high electromechanical coupling coefficients. In particular, soft PZT ceramics such as 

PZT-5A and 5H type compositions are most widely used because of their exceedingly 

high coupling properties and because they can be relatively easily tailored, for instance, in 

the wide dielectric constant range. On the other hand, modified lead titanates such as 

samarium doped materials have high piezoelectric anisotropy: the planar coupling factor 

*p is much less than the thickness coupling factor *,. This absence of lateral coupling 

leads to reduced interference from spurious lateral resonances in longitudinal oscillators. 

This is very useful in high-frequency array transducer applications. One disadvantage to 

PZT and other lead based ceramics is their large acoustic impedance (approximately 30- 

kgm'V1 (Mrayls) compared to body tissue (1.5 Mrayls). Single or multiple matching 

layers with intermediate impedances needed to be used in the case of PZT to improve 

acoustic matching. 

On the other hand, piezoelectric polymers, such as polyvinyliden-difluoride- 

trifluoroethylene, have much lower acoustic impedance (4 - 5 Mrayls) than the ceramics 

and thus provide better matching with soft tissues. However, piezopolymers are less 

sensitive than the ceramics and they have relatively low dielectric constants, requiring 
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large drive voltage and giving poor noise performance due to electrical impedance 

mismatching. 

An alternative to ceramics and polymers is piezoelectric ceramic/polymer composites. 

Piezocomposites having 2-2 or 1 -3 connectivity are commonly used in ultrasonic medical 

applications. These combine the low acoustic impedance advantage of polymers with the 

high sensitivity and low electrical impedance advantages of ceramics. 

The design frequency of a transducer depends on the penetration depth imposed upon by 

the application. Resolution is improved with increasing frequency. Although a high 

frequency transducer is capable of producing a high resolution image, higher frequency 

acoustic energy is more readily attenuated by the body. A lower frequency transducer is 

used as a compromise when imaging deeper structures. Most medical ultrasound imaging 

systems operate in the frequency range from 2 to 10 MHz and can resolve objects 

approximately 0.2 to 1 mm in size. At 3.5 MHz, imaging to a depth of 10 -20 cm is 

possible, while at 50 MHz, increased losses limit the depth to less than 1 cm. Higher- 

frequency transducers (10-50 MHz) are used for endoscope-based imaging and for 

catheter-based intravascular imaging. At a higher frequency over 100 MHz applications 

are being done in the field of ultrasound microscopy. The operating frequency of the 

transducer is directly related to the thickness and velocity of sound in piezoelectric 

materials employed. As frequency increases resonator thickness decreases. For a 3.5 

MHz transducer, PZT ceramic thickness needs to be roughly 0.4 mm. Most conventional 
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ceramic transducers, such as PZT are limited to frequencies below nearly 80 MHz 

because of the difficulty of fabricating thinner devices. (20) For microscopic applications 

at a frequency over 100 MHz, corresponding to the thickness of less than 20 |im 

piezoelectric thin-film transducers such as ZnO have to be used. (21) 

Actuators and motors 

Actuators 

Currently the other important applications of piezoelectric materials exist in actuator 

fields. (22) Actuators are defined as the transducers capable of transferring input energy 

into a mechanical output energy. Using the converse piezoelectric effect, small 

displacement can be produced by applying a field to a piezoelectric materials. Vibrations 

can be generated by applying an alternating field. In advanced precision engineering, the 

demand for a variety of types of actuators which can adjust positions precisely 

(micropositioning devices), suppress noise vibrations (dampers), or drive objects 

dynamically (ultrasonic motors) exist. These devices are used in broad areas including 

optics, astronomy, fluid control and precision machinery. For actuator applications, 

piezoelectric strain and electrostriction induced by an electric field are used. Especially, 

electrostrictive materials such as lead magnesium niobate [PMN] ceramics are preferred 

because of their little degradation under severe operating conditions. The PMN is easily 
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electrically poled when an electric field is applied around the transition temperature and 

depoled completely without any remanent polarization. This provides extraordinary 

large apparent electrostriction though it is a secondary phenomenon of the 

electromechanical coupling. Figure 6 shows the longitudinal induced strain curve at room 

temperature in 0.9PMN- 0.1 FT. The magnitude of the electrostriction is 10"3 and this 

material has almost no hysteresis. 

Figure 7 shows the design classification of ceramic actuators. Simple devices composed 

of a disk and multilayer type directly use the strain induced in a ceramic by the applied 

electric field. Complex devices do not use the induced strain directly but use the 

magnified displacement through a special magnification mechanism such as unimorph, 

bimorph and moonie. The most popularly used multilayer and bimorph types have the 

following characteristics: The multilayer type does not show a large displacement (10 

pirn), but has advantages in generation force (100 kgf), response speed (10 \isec), life time 

(1011 cycles) and the electromechanical coupling factor ki3 (0.70). The bimorph type 

exhibits a large displacement (300 urn), but shows disadvantages in generation force (100 

gf), response speed (1 msec), life time (10* cycles) and the electromechanical coupling 

factor Jteff (0.10). For instance, in a 0.65 PMN- 0.35 PT multilayer actuator with 99 

layers of 100-^m thick sheets (2x3x10 mm3), a 8.7 \Lm displacement is generated by a 

100 V voltage, accompanied by a slight hysteresis. The transmit response of the induced 
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displacement after the application of a rectangular voltage is as quick as 10 usec. In 

conclusion, the multilayer exhibits the field induced strain of 0.1% along the length. 

Unimorph and bimorph devices are defined by the number of piezoelectric ceramic plates: 

only one ceramic plate is bonded onto an elastic shim., or two ceramic plates are bonded 

together simultaneously. The bimorph causes bending deformation because each 

piezoelectric plate bonded together produces extension or contraction under an electric 

field. In general, there are two types of piezoelectric bimorph: antiparallel polarization 

type and parallel polarization type, as shown in Fig. 8. Two poled piezoelectric plates 

with til in thickness and L in length are bonded with their polarization directions 

opposite or parallel to each other. In cantilever bimorph configuration whose one end is 

clamped, the tip displacement £ under an applied voltage Vis provided as follows; 

8 z = 3/2-dn (L2/*2) V (antiparallel type) (9) 

5 z = 3dn (I2//2) V     (parallel type) (10) 

The resonance frequency ./J for both types is given by 

/r = 0.16f/L2(pSn
E)-,/2 (") 

where p is density and Sn
E is elastic compliance. A metallic sheet (called shim) is 

occasionally sandwiched between the two piezoelectric plates to increase the reliability, 

that is, the structure can be maintained even if the ceramics fracture. Using the bimorph 

structure, a large magnification of the displacement is easily obtainable. However, the 

disadvantages include a low response speed (1 kHz) and low generative force. 
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A composite actuator structure called "moonie" has been developed to amplify the small 

displacements induced in a piezoelectric ceramic. The moonie consists of a thin 

multilayer element and two metal plates with a narrow moon-shaped cavity bonded 

together. This device has intermediate characteristics between the conventional multilayer 

and bimorph actuators; this shows an order of magnitude larger displacement (100 \un) 

than the multilayer, and much larger generative force (10 kgf) with quicker response (100 

Usec) than the bimorph. 

Some examples of applications of piezoelectric and electrostrictive actuators mentioned 

above are described below. The piezoelectric impact dot-matrix printer is the first mass- 

produced device using multilayer ceramic actuators. The advantage of the piezoelectric 

printer head compared to the conventional magnetic types are: low energy consumption, 

low heat generation and fast printing speed. The longitudinal multilayer actuators do not 

exhibit a large displacement and thus a suitable displacement magnification mechanism is 

necessary. The displacement induced in a multilayer actuator pushes up the force point, 

and its displacement magnification is carried out through hinge levers so as to generate a 

large wire stroke. When the displacement in the piezoactuator is 8 urn, the wire stroke of 

240 jxm can be obtained, that is the magnification rate is 30 times. 
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Bimorph structures are commonly used for VCR head tracking actuators, because of their 

large displacements. An auto tracking scan system uses the piezoelectric actuators so 

that the head follows the recording track even driven at both still and quick modes. As 

can be anticipated, the bimorph drive is inevitably accompanied by a torsional motion. 

To obtain a perfect parallel motion a special mechanism has to be employed. 

Piezoelectric bimorphs have also been used in gramophone pick-up cartridges and 

cantilever bimorphs with small masses attached to their free end can be used as 

accelerometers. Piezoelectric pumps for gas or liquid utilizing an alternating bending 

motion of bimorph have been developed for intravenous drip injection in hospitals and for 

medication dispensers in chemotherapy, chronic pain and diabetes. Piezoelectric fans for 

cooling electronic circuits are made from a pair of bimorphs which are driven out of phase 

so as to blow effectively. Furthermore, piezo-bimorph type camera shutters have been 

widely commercialized. 

In optical control systems, lenses and mirrors require micropositioning and even the 

shapes of mirrors are adjusted to correct image distortions. For instance, a space qualified 

active mirror called articulating fold mirror utilizes six PMN electrostrictive multilayer 

actuators to precisely position a mirror tip and tilt in order to correct the focusing 

aberration of the Hubble Space Telescope. 

Piezoelectric actuators are also useful for vibration suppression systems of an 

automobile. An electronic controlled shock absorber was developed by Toyota. The 
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piezoelectric sensors detecting a road roughness is composed of 5 layers of 0.5 mm thick 

PZT discs. The actuator is made of 88 layers of 0.5 mm thick discs. Applying 500 V 

generates about 50 |im displacement, which is magnified by 40 times through a piston and 

plunger pin combination. This stroke pushes the change valve of the damping force 

down, then opens the bypass oil route, leading to decrease in the flow resistance. This 

electronically controlled shock absorber has both controllability and comfortablility 

simultaneously. 

Ultrasonic motors 

An ultrasonic motor is an example of piezoelectric actuators using a resonant vibration. 

In ultrasonic motors linear motion is obtained from the elliptical vibration through 

frictional force. The motor basically consists of a high-frequency power supply, a 

vibrator and a slider. The vibrator is composed of a piezoelectric driving component and 

an elastic vibrator part, and the slider is composed of an elastic moving part and a friction 

coat. The characteristics of the ultrasonic motors are low speed and high torque 

compared to the conventional electromagnetic motors with high speed and low torque. 

(22X24) 

The ultrasonic motors are classified into two types: a standing-wave type and a 

propagating-wave type. The standing wave is expressed by 
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Vs (x, t) = A cos(fcc)-cos(ü*), (12) 

while the propagation wave is given by 

Vp (x, t) = A cos (foe -cot) 

= A cos(fcc)-cos(fi)0 + A cos (foe- rc/2)cos (cot-n/2) (13) 

A propagating wave can be generated by superimposing two standing waves whose 

phases differ by 90 degree to each other both in time and in space. The standing-wave 

type is sometimes called as a vibratory-coupler or a "woodpecker" type, where a 

vibratory piece is connected to a piezoelectric driver and the tip portion generates flat- 

elliptic movement. Figure 9 shows a vibratory coupler type motor. A vibratory piece is 

attached to a rotor or a slider with a slight cant angle. The standing-wave type has high 

efficiency up to 98% theoretical. However, a problem of this type is lack of control in 

both clockwise and counter-clockwise directions. The principle of the propagation type 

is shown in Fig. 10. In the propagating-wave type, also called "surfing-type", in which a 

surface particle of the elastic body draws an elliptic locus due to the coupling of 

longitudinal and transverse waves. This type generally requires two vibration sources to 

generate one propagating wave, leading to low efficiency (not more than 50%), but is 

controllable in both the rotational directions. An ultrasonic rotatory motor is successfully 

used in autofocusing camera to produce precise rotational displacements. The advantages 

of this motor over the conventional electromagnetic motor are: silent drive (inaudible), 

thin motor design and energy saving. 
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Resonators and filtere 

When a piezoelectric body vibrates at its resonant frequency it absorbs considerably more 

energy than at other frequencies resulting in the fall of impedance. This phenomenon 

enables piezoelectric materials to be used as a wave filter. A filter is required to pass a 

certain selected frequency band or to stop a given band. The band width of a filter 

fabricated from a piezoelectric material is determined by the square of the coupling 

coefficient k, that is, nearly proportional to k2. Quartz crystals with very low k value of 

about 0.1 can pass very narrow frequency bands of approximate 1% of the center 

resonance frequency. On the other hand, PZT ceramics with a planar coupling coefficient 

of about 0.5 can easily pass a band of 10% of the center resonance frequency. The 

sharpness of the passband is dependent on the mechanical quality factor Qm of the 

materials. Quartz has also a very high Qm of about 106 which results in a sharp cut-off to 

the passband and well-defined frequency of the oscillator. 

A simple resonator is a thin disc type, electroded on its plane faces and vibrating radially 

for applications in filters with a center frequency ranging from 200 kHz to 1 MHz and 

with a bandwidth of several percent of the center frequency. For a frequency of 455 kHz 

the disc diameter needs to be about 5.6 mm. However, if the required frequency is higher 

than 10 MHz, other modes of vibration such as the thickness extensional mode are 

exploited, because of its smaller size disc. The trapped-energy type filters made from 

PZT ceramics have been widely used in the intermediate frequency range for such as 10.7 
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MHz for FM radio receiver and transmitter. By employing the trapped-energy 

phenomena, the overtone frequencies are suppressed. The plate is partly covered with 

electrodes of a specific area and thickness. The fundamental frequency of the thickness 

mode beneath the electrode is less than that of the unelectroded portion, because of the 

extra inertia of the electrode mass. The longer wave characteristic of the electrode region 

cannot propagate in the unelectroded region. The higher-frequency overtones can 

propagate away into the unelectroded region. This is called as trapped-energy principle. 

Figure 11 shows a schematic drawing of trapped-energy filter. In this structure the top 

electrode is split so that coupling between the two parts will only be efficient at 

resonance. More stable filters suitable for telecommunication systems have been made 

from single crystals such as quartz or LiTa03. 

SAW devices 

A surface acoustic wave (SAW) also called a Rayleigh wave is composed of a coupling 

between longitudinal and shear waves in which the SAW energy is confined near the 

surface. An associated electrostatic wave exists for a SAW on a piezoelectric substrate, 

which allows electroacoustic coupling via a transducer. The advantages of SAW 

technology are: the wave can be electroacoustically accessed and tapped at the substrate 

surface and its velocity is approximately 104 times slower than an electromagnetic wave. 

The SAW wavelength is on the same order of magnitude as line dimensions which can be 
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photolithographically produced and the lengths for both short and long delays are 

achievable on reasonable size substrates. (25)(26) 

There are a very broad range of commercial system applications which include front-end 

and IF (Intermediate Frequency) filters, CATV (Community Antenna Television) and 

VCR (Video Cassette Recorder) components, synthesizers, analyzers and navigators etc. 

In SAW transducers, finger electrodes provide the ability to sample or tap the wave and 

the electrode gap gives the relative delay. A SAW filter is composed of a minimum of 

two transducers. A schematic of a simple SAW bi-directional filter is shown in Fig. 12. 

A bi-directional transducer radiates energy equally from each side of the transducer. 

Energy not being received is to be absorbed to eliminate spurious reflection. 

Various materials are currently being used for SAW devices. The most popular single- 

crystal SAW materials are lithium niobate and lithium tantalate. The materials have 

different properties depending on the cut of the material and the direction of propagation. 

The fundamental parameters considered when choosing a material for a given device 

applications are SAW velocity, temperature coefficients of delay (TCD), 

electromechanical coupling factor and propagation loss. Surface acoustic waves can be 

generated and detected by a spatially periodic, interdigital electrodes on the plane surface 

of a piezoelectric plate. A periodic electric field is produced when an RF source is 

connected to the electrode, thus permitting piezoelectric coupling to a traveling surface 
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wave. If an RF source with a frequency,/, is applied to the electrode having periodicity, 

d, energy conversion from an electrical to mechanical form will be maximum when 

f'fo'VJd (14) 

V% is the SAW velocity and/0 is the center frequency of the device. SAW velocity is an 

important parameter determining the center frequency. Another important parameter for 

many applications is temperature sensitivity. For example, the temperature stability of 

the center frequency of SAW bandpass filters is a direct function of temperature 

coefficient for the velocity and delay for the material used. The first-order temperature 

coefficient of delay is given by 

(\lx)(dxldT) = (1/LHdL I dT) - (\/VsHdVs I dT) (15) 

where T= LI Vs is the delay time and L is the SAW propagation length. The surface wave 

coupling factor, k*, is defined in terms of the change in SAW velocity which occurs when 

the wave passes across a surface coated with a thin massless conductor, so that the 

piezoelectric field associated with the wave is effectively shorted-circuited. The coupling 

factor, k,2, is expressed by 

k,2-2(yt-VJ/rt 
(16) 

where Vf is the free surface wave velocity, Vm the velocity on the metallized surface. In 

actual SAW applications, the value of*,2 relates to the maximum bandwidth obtainable 

and the amount of signal loss between input and output, determining the fractional 

bandwidth versus minimum insertion loss for a given material and filter. Propagation loss 

is one of the major factors that determine the insertion loss of a device and is caused by 
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wave scattering at crystalline defects and surface irregularities. Materials which show 

high electromechanical coupling factors combined with small temperature coefficients of 

delay are likely to be required. The free surface velocity, V0, of the material is a function 

of cut angle and propagation direction. The TCD is an indication of the frequency shift 

expected for a transducer due to a temperature change and is also a function of cut angle 

and propagation direction. The substrate is chosen based on the device design 

specifications and includes consideration of operating temperature, fractional bandwidth, 

and insertion loss. 

Piezoelectric single crystals such as 128°Y-X (128°-rotated-Y-cut and X-propagation) - 

LiNb03 and X-l 12°Y (X-cut and 112°-rotated-Y-propagation) - LiTaOj have been 

extensively employed as SAW substrates for applications in V1F filters. A c-axis 

oriented ZnO thin films deposited on a fused quartz, glass or sapphire substrate are also 

commercialized for SAW devices. Table 4 shows some important material parameters for 

some SAW materials. 

Delay lines 

A delay line can be formed from a slice of glass such as PbO or K20 doped Si02 glass in 

which the velocity of sound is nearly independent of temperature. PZT ceramic 

transducers are soldered on two metallized edges of the slice of glass. The input 
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transducer converts the electrical signal to a shear acoustic wave which travels through the 

slice. At the output transducer the wave is reconverted into an electrical signal delayed 

by the length of time taken to travel around the slice. Such delay lines are used in color 

TV sets to introduce a delay of approximately 64 ^isec and are also employed in 

videotape recorder. 

Piezoelectric transformer 

The transfer of vibration energy from one set of electrodes to another on a piezoelectric 

ceramic body can be used for voltage transformation. This device is called a piezoelectric 

transformer. Recently, the office automation equipments with liquid crystal displays are 

successively commercialized such as notebook type personal computers and car 

navigation systems. These equipments with a liquid crystal display require a very thin, 

no electromagnetic-noise transformer to start the glow of a fluorescent back-lamp. This 

application has recently accelerated the development of the piezoelectric transformers. 

Figure 13 shows a fundamental structure where two differently-poled parts coexist in one 

piezoelectric plate. The plate has electrodes on half its major faces and on an edge, which 

is then poled in its thickness direction at one end and parallel to the long axis over most of 

its length. A low-voltage AC supply is applied to the large-area electrodes at a frequency 

that excites a length extensional mode resonance. A high-voltage output can then be taken 

from the small electrode and one of the larger electrodes. After the proposal by C.A. 
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Rosen such as mentioned above, piezoelectric transformers with several different 

structures have been reported. A multilayer type transformers are proposed in order to 

increase the voltage rise ratio. The input part is of the multilayer structure with internal 

electrodes and the output electrodes are formed at the side surface of the half part of 

rectangular plate. This transformer uses piezoelectric transverse mode for the input and 

output part. 
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Figure 1. Perovskite structure AB03. 

Figure 2. Dielectric constants of BaTi03 as a function of temperature. 

Figure 3. Phase diagram of the PZT system. 

Figure 4. Piezoelectric d strain coefficients versus composition for the PZT system. 

Figure 5. Prototype transducer geometry. 

Figure 6. Strain of PMN as a function of electric field. 

Figure 7. Structures of ceramic actuators. 

Figure 8. Two types of piezoelectric bimorphs: (a) antiparallel polarization type and (b) 
parallel polarization type. 

Figure 9. Vibratory coupler type ultrasonic motor. 

Figure 10. Principle of the propagating wave type ultrasonic motor. 

Figure 11. Trapped-energy type filter. 

Figure 12. Typical SAW bi-directional filter consisting of two interdigital transducers. 

Figure 13. Piezoelectric transformer 
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Table 1 Crystallographic classification in terms of polarity and centro-symmetry 

Polarity Symmetry 
Crystal system 

Cubic Hexagonal Tetragonal 
Rhombo- 
hedral 

Ortho- 
rhombic 

Mono- 
clinic 

Triclinic 

Non-polar 
(22) 

Centro 
(ID 

m3m m3 6/mmm 6/m 4/mmm 4/m 5m 3 mmm 2/m 

Non-centro 
(21) 

432 
23 

622 

6m2 
6 

422 

42m 
4 32 222 

?3m 

Polar 
(Pyroelectric) 

(10) 
6mm 6 4mm 4 3m 3 mm2 

2 

m 
1 

Inside the bold line are piezoelectrics. 
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Table 2  Properties of piezoelectric materials 

Parameter Quartz      BaTi03    PZT4    PZT5H    (Pb,Sm)Ti03   PVDF-TrFE 

g33 (lO^Vm/N)    57.8 12.6        26.1 19.7 

0.33        0.58 0.65 0.03 

e33
T/e0       5    1700   1300   3400     175 

<m 

TC(°C) 120    328   193     355 

d33(pC/N)    2.3    190    289   593     65       33 

42       380 

0.09   0.38   0.51   0.50     0.50      0.30 

>105 500    65     900      3-10 
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Table 3 Comparison of ultrasonic transducer materials 
PZT-polymer 

PZT ceramic PVDF polymer       composite ZnO film 

kt 0.45-0.55 0.20 - 0.30 0.60 - 0.75 0.20 - 0.30 

Z (Mrayls) 20-30 1.5-4 4-20 35 

E33T/E0 200 - 5000 10 50 - 2500 10 

tan8 (%) <1 1.5-5 <1 <1 

Qm 10-1000 5-10 2-50 10 

p (g/cm3) 5.5-8 1-2 2-5 3-6 
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Table 4   SAW material properties 

"•a*" *<*> T^/c) vo(^> * 
Quartz ST-X 0.16 0 3158 4.5 

Single UNb03 128°Y-X 5.5. -74 3960 35 

crystal LiTa03 X112°-Y 0.75 -18 3290 42 

Li2B407 (110)-<001> 0.8 0 3467 9.5 

Ceramic 
PZT-InO^W^C^ 

(Pb,Nd)CTi,Mn,In)03 

1.0 

2.6 

10 

<1 

2270 

2554 

690 

225 

ZnO/glass 0.64 -15 3150 8.5 
Thinfilm , « ,««« o« ZnO/Sapphire 1.0 -30 5000 8.5 
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Molecular 
Mechanisms in 
Smart Materials 

Robert E. Newnham 

The following is an edited version of the 
David Turnbull Lectureship address, given 
by recipient Robert E. Newnham at the 1996 
MRS Full Meeting. Newnham received the 
lectureship for "pioneering the field of 
ceramic composites for electronic and optical 
applications, and in recognition of a 
distinguished career of guiding students, 
lecturing, and writing." Newnham is the 
Alcoa Professor of Solid State Science at The 
Pennsylvania State University. 

Introduction 
It is a great honor to be named the 

Turnbull Lecturer of the Materials Re- 
search Society. Thirty years ago, David 
Turnbull was a professor at Harvard 
University, and I was a voung professor 
at Massachusetts Institute of Technology. 
He and I share a common interest in 
phase transformations, an underlying 
theme of this lecture. Professor Turn- 
bull's papers and the Solid State Phvsics 
Series he edited with Frederick Seitz are 
classics in the field. I refer vou to his re- 
view entitled "Phase Changes '• for a 
deeper understanding of todav's subject. 

The outline of my talk is as follows: I 
will begin with a brief introduction of 
what is meant by smart, verv smart, and 
intelligent materials, differentiating the 
role of sensing, actuating, and signal 
processing. I will then cover a few of the 
applications, followed by a discussion of 
the atomic mechanisms important in 
piezoelectrics, electrostrictors, magne- 
tostrictors. and shape-memory allovs. I 
then summarize the common themes for 
these mechanisms, and end with a few 

" thoughts about biomimetic design and 
functional composites, as well as a 
glimpse of the future as typified bv thin- 
film sensors and actuators.. 

The concept of a smart material is ex- 
emplified by a videotape-head positioner 
[Figure 1). Bimorph piezoelectric ceram- 
ics are usually made from iead zirconate 

titanate (PZT). The positioner has large 
actuator electrodes that move the mate- 
rial, as well as smaller electrodes to 
sense the position and orientation of the 
tape head. This combination of sensing 
and actuating mimics two of the func- 
tions of a living system—namely being 
aware of the surroundings and being 
able to respond to that signal with a use- 
ful response, usually in the form of a 
motion. A smart material is not simply a 
sensor. A sensor receives a stimulus and 
responds with a signal. A smart material 
is not simply an actuator either. An ac- 
tuator produces a useful motion or ac- 
tion. Smart materials function as both 

sensors and actuators. Smart materials 
sometime have a control svstem and 
sometimes not. Some function like our 
spinal cord in that they are passively 
smart and respond without thought- or 
signal-processing. They are analogous to 
the reflex responses of the human body. 

In other cases, smart materials analvze 
the sensed signal, perhaps for its fre- 
quency components, and then make a 
choice as to what type of response to 
make. We call that an actively smart 
system. We have also been developing a 
family of very smart materials—I am 
not willing to call them intelligent— 
which have a learning or tuning func- 
tion, making it possible for them to get 
slightly smarter with age.: Nonlinear 
properties like electrostriction or higher 
order elastic constants are used in these 
materials. 

Looking ahead to the use of thin-film 
micro-electromechanical systems (MEMS), 
more intelligent materials are coming on 
the scene that integrate the control svs- 
tem with the sensors and actuators, all in 
one common piece of material. At this 
stage, I think the system deserves the 
name intelligent. Perhaps someday we 
will manufacture wise materials'that 
make correct moral decisions. Perhaps 
they will evolve in some wav like living 
systems. A few forecasts for smart sys- 
tems appear in Table I. 

Sensing 

Ceramic 
Clamp 

450-Hz Vibration 

Cantilever 
Bilaminate 
Bender 

Figure 1. A videotape-head positioner senses and follows the tape track path Usina 
the direct and converse piezoelectric effects, the lead zirconate titanate bender acts 
as a smart material with separate electrodes for sensing and actuating. Articulation 
Keeps the head perpenaicular. Automatic scan tracking used. 

20 
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Recent work on smart ceramics' and 
on various types of actuator materials4 

appears in the literature. Vibration sup- 
pression as in the smart shock absorber 
is the chief focus. Inside the smart ab- 
sorber developed by Toyota,5 a multilayer 
piezoelectric ceramic exists rhat has 
about five layers for sensing read vibra- 
tions. The multilayer stacks positioned 
near each wheel of the auto also have 
about 100 layers that act as the actuator, 
all part of the same PZT ceramic. After 
analyzing the vibration signals a voltage 
is fed back to the actuator stack, and a re- 
sponse occurs by pushing or, the hy- 
draulic system of the auto to eniarge the 
motion. In this way, the auto is able to 
analyze acceleration signals from road 
bumps and respond with a motion that 
cancels the vibration. This is the Toyota 
Electronic Modulated System that pro- 
duces force in the kilonewton range and 
displacements in the micron rar.ee. 

Molecular Mechanisms 
Rather than continuing with applica- 

tions, I will now shift to the ur.der'lving 
structure-property relationships in smart 
materials. First I will provide a sum- 
mary, giving you the main idea of my 
presentation. 

All of these materials have at least two 
phase transitions. When described in 
terms of a thermodynamic function, two 
ordering parameters exist. The situation 
is similar to the feldspar crystals I stud- 
ied as a student at Cambridge University 
many years ago. There are two transfor- 
mations in this family of minerals: one 
due to an ordering of the aluminum and 
silicon atoms, and another arisine from a 
ferroelastic transition caused by a dis- 
tortion of the silicate network. A strong 
interaction between the two ordering pa- 
rameters takes place in calcium and so- 
dium feldspar/ 

Similar phenomena are found in all 
four major families of smart materials. 
Nitinol and other shape-memorv alloys 
have a broad phase transition with par- 
tially ordered cesium chloride-iike struc- 
tures transforming to a martensitic-Iike 
phase of lower symmetry. Like the feld- 
spars, both atomic ordering ar.d atomic 
displacements are involved. In :ead mag- 
nesium niobate (PMN), an outstanding 
electrostrictive material, a similar dif- 
fuse phase transition from a partially 
ordered high-temperature state to a fer- 
roelectric low-temperature state exists. 
Lead magnesium niobate is a ferroelec- 
tric analogue to ferroelastic'Xitinol. 

Terfenol is a typical magnetcstrictive 
actuator with strong coupline between 
magnetic field and mechanicai motion. It 

Table I: Top 10 Forecasts by the 
World Future Society for the 

Coming Decade.* 

• Cash will disaooear (smart cards) 
• Electronic immigration (lone eagles). 
• Robots smarter than humans (inorganic 

evolution). 

• Prisons outmoded by implants 
(automated parole). 

• Voice-driven furniture (smart chairs). 
• Population shifts north (smart houses). 
• Defective gene replacement 

(nanosensors and nanoactuators) 
• Collision avoidance systems (smart 

automobiles). 
• Older generation families (smart 

medical-delivery system). 
• Automatic garaens (just-in-time farming) 

'Several involve tue use of smart materials with 
sensing ana actuating capabilities 

is an iron-rare-earth allov with a para- 
magnetic to ferrimagnetic phase change 
at high temperature. Magnetostrictive 
actuators operate near a second phase 
transformation where the magnetic spins 
undergo reorientation to different crvs- 
tallographic directions. In piezoelectric 
PZT, the best known of the actuator ma- 
terials, there are similar changes in sym- 
metry. Lead zirconate titanate is cubic at 
high temperatures and then is operated 
near a boundary between rhombohedral 
and tetragonal states. Terfenol is a mag- 
netic analogue to ferroelectric PZT. 

Ferroelectrics 
To illustrate the behavior of piezoelec- 

tric and electrostrictive actuators, we have 
chosen Pb(Zr,Ti)0, and Pb(Mg,.Mb)01, 
usually referred to as PZT and PMN, re- 
spectively. Lead zirconate titanate is a 
well-behaved normal ferroelectric with a 
large spontaneous polarization appear- 
ing at the Curie temperature. Lead mag- 

50-500 N 
k5-20 urn 

Type Fuel Injection 

§ 100 N-10 kN 
20-100 urn 

0-5N 
25-2500 fim 

Pneumatic VaJve 

Figure 2. Ceramic multilayer actuators consist of thin layers of piezoelectric ceramic 
and metal electrodes. In contrast to traditional piezoceramics, even low voltages 
produce large forces and substantial displacements. A tradeoff exists between force 
and displacement. The multilayer stack utilizing the dn coefficient gives kilonewton 
forces capable of pushing heavy weights through small distances. Dimorph benders 
make use of the smaller transverse d„ coefficient to give larger displacements in 
the millimeter range. (Figure courtesy of Philips Components. Roermond. 
Netherlands.) 
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nesium niobate is a relaxor ferroelectric 
with a partially ordered perovskite struc- 
ture and a broad, diffuse phase transi- 
tion. Very large dielectric constants and 
electrostriction coefficients are observed 
in this temperature range. 

The multimillion-dollar market for 
PZT multilayer actuators includes rf33 
thickness mode transducers, J-.; trans- 
verse mode transducers, and bender 
types. Typical applications, forces, and 
displacements for these three families of 
muitilayer actuators appear in Figure 2. 
Each actuator has about a hundred layers 
and overall dimensions in the millimeter 
to centimeter range. Piezoelectric print- 
ers, fuel injectors, and pneumatic valves 
are weil-developed markets for these 
multilayer actuators. 

Multilayer actuators make use of ferro- 
electric oxides such as PZT and PMN 
with the perovskite structure. Ferroelec- 
tric oxides with the perovskite. tungsten 
bronze, pyrochlore, and bismuth titanate 
layer structures all have high dielectric 
constants, high refractive indices, and 
large electromechanical coupling coeffi- 
cients, and all contain corner-linked oc- 
tahedral networks of Ti4~, Nb5", or other 
J° ions. These transition-metal elements 
are the highly polarizable "active" ions 
promoting ferroelectricity, and the high 
permittivities and piezoelectric con- 
stants required for transducers and ca- 
pacitors.7 With reference to the periodic 
system, there are two major groups of ac- 
tive ions, and both are near electronic 
"crossover" points where different types 
of atomic orbitals are comparable in en- 
ergy ar.d where hybrid bond formation is 
prevalent. The first group, typified by 
Ti4~. \b", and W", consists of a" ion's 
octahedrally coordinated to oxygen. For 
Ti4~ the electronic crossover involves the 
3d, -is. and 4p orbitals, which combine 
with the <T and ir orbitals of its six O2" 
neighbors to form a number of molecular 
orbitals for the (TiO'J"" complex. The 
bond energy of the complex can be low- 
ered by distorting the octahedron to a 
lower symmetry. This leads to molecular 
dipole moments, ferroelectricitv. large 
dielectric constants, piezoelectricity, and 
electrostriction. A second group of active 
elements contributing to polar distor- 
tions in ceramic dielectrics are the lone- 
pair ions having two electrons outside a 
closed shell in an asymmetric hybrid or- 
bital. Among oxides the most important 
of these lone-pair ions are Pb2* and Bi3*, 
which are involved in a number of fer- 
roelectrics (PbTiO,, Bi4Ti3Oi;, PbNbA,) 
with high Curie temperatures. In many 
of these compounds, Pb:* and Bi" are in 
pyramidal coordination with oxygen 
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I       Perovskite 

PbZrO: 

PbTiO, 

RhomDohedral 
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Figure 3. A portion of the PbZr03-PbTi03 phase diagram showing the structure 
changes at the Curie temperature (Tc) and the morphotropic phase boundary. 
Compositions near morphotropic phase boundary have 14 possible poling 
directions. 

and therefore contribute to the sponta- 
neous polarization. 

Piezoelectric PZT 
Most piezoelectric-transducer formu- 

lations are based on Pb(Zr,Ti)Oj, one of a 
number of ferroelectric substances crvs- 
tallizing with the perovskite structure.' 
Lead atoms appear at the corners of the 
unit cell and oxygens at the face centers. 
Both lead and oxygen ions have radii of 
about 1.4 A. Together they make up a 
face-centered-cubic array, having a lat- 
tice parameter near 4 A. Öctahedrallv co- 
ordinated titanium or zirconium ions are 
located at the center of the unit cell. 

On cooling from high temperature, the 
crystal structure of PZT undergoes a dis- 
placive phase transformation with atomic 
displacements of about 0.1 A. For tita- 
nium-rich compositions, the point sym- 
metry changes from cubic m3m to 
tetragonal 4mm at the Curie tempera- 
ture. The tetragonal state with its sponta- 
neous polarization along [001] persists to 
0 K. The structural changes appear in 
Figure 3. 

To make use of these piezoelectric ce- 
ramics with their large polarizations, 
compositions near a second phase transi- 
tion are chosen. At the Curie point. PZT 
converts from a paraelectric state with 
the ideal cubic perovskite structure to a 

ferroelectric phase located near a mor- 
photropic phase boundary between the 
tetragonal and rhombohedral states. Very 
large piezoelectric coupling between 
electric and mechanical variables is ob- 
tained near this phase boundary. Much 
of the current research in this field in- 
volves looking for other morphotropic 
phase boundaries to further enhance the 
electromechanical-coupling factors. 

The two effects utilized in PZT trans- 
ducers are the direct and the converse 
piezoelectric effect. The direct effect re- 
lates polarization to stress and is used in 
sensors. The converse effect relates strain 
to electric field and is used in actuators. 

For a poled ceramic having symmetry 
*m, d31/ d33, and rf]5 are the appropriate 
tensor coefficients. Both intrinsic and ex- 
trinsic contributions to these piezoelectric 
coefficients exist. The intrinsic effects 
coming from the distortions of the crys- 
tal structure under mechanical stress 
appear in Figure 4. Under mechanical 
stress parallel to the dipole moment, there 
is an enhancement of the spontaneous 
polarization Ps along .r3. When stress 
is applied perpendicular to that dipole 
moment, electric charges develop trans- 
versely. These are the dJ3 and d„ effects, 
respectively. When the dipole is tilted by 
shear stress, charges appear on the side 
faces, the rf)5 coefficient. There are ex- 
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trinsic contributions to the piezoelectric 
coefficient as well. These can be ex- 
tremely large, often involving the do- 
main-wall motions. 

Ferroelectric ceramics such as PZT do 
not become piezoelectric until electri- 
cally poled. Poling occurs under intense 
electric fields at elevated temperatures 
below the ferroelectric Curie point where 
the domains are easily aligned. 

Titanium-rich compositions in the 
PZT system favor a tetragonal modifica- 
tion with sizable elongation along [001] 
and a large spontaneous polarization in 
the same direction. There are six equiva- 
lent polar axes in the tetragonaphase cor- 
responding to [100], [TOO], [010], [OTO], 
[001], and [OOT] directions of the cubic 
paraelectric state. A rhombohedral 
ferroelectric state is favored for zirco- 
nium-rich compositions. Here the distor- 
tion and polarization are along [111] 
directions, giving rise to eight possible 
domain_states: [111], [Til], [HI], [111], 
[111], [111], [Til], and [11T]. 

The compositions that pole best lie 
near the morphotropic boundarv be- 
tween the rhombohedral and tetraeonal 
ferroelectric phases. For these compo- 
sitions, there are 14 possible poling di- 
rections over a very wide temperature 
range. This explains in part why the 
ceramic piezoelectric coefficients are 
largest near the morphotropic boundary. 
Phase changes between the rhombohe- 
dral and tetragonal phases also occur 
during the poling process. 

Electrostrictors 
Piezoelectricity is a third-rank tensor 

relating strain and electric field. Electro- 
striction is a fourth-rank tensor relating 
strain to the square of the electric field. 

Above the Curie temperature, the pe- 
rovskite structure is cubic, and the elec- 
trostriction effect is more important than 
the piezoelectric effect because third- 
rank tensors disappear in centrosym- 
metric media. This leads to what we call 
very smart ceramics. In a smart ceramic, 
the direct piezoelectric effect is used for 
sensing, followed by feedback through 
the converse piezoelectric effect. In a 
very smart material, we monitor the 
change in capacitance of the material. We 
then monitor feedback with both direct- 
.current (dc) and alternating-current (ac) 
fields to tune the magnitude of the elec- 
tromechanical-coupling coefficient and 
then to drive it. For higher order cou- 
pling coefficients like electrostriction, 
there are three rather than two coupled 
effects: the change in the dielectric con- 
stant with stress, the field dependence of 
the piezoeiectric voltage coefficient, and 
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Figure 4 Intrinsic piezoelectric effect in polar lead titanate. 

the electrically driven mechanical strain. 
The electrostrictive ceramic becomes a 
tunable transducer.2 

We began work on a number of these 
electrostrictive materials nearly 20 years 
ago* for active optic systems' Much of 
this work took place with the FTEK Cor- 
poration in Lexington, MA. During the 
Cold War, there were many satellites fly- 
ing over what was then the Soviet Union, 
utilizing active optic systems to elimi- 
nate atmospheric turbulence. In adjust- 
ing the position of optical components, 
electrostrictive materials have an advan- 
tage over piezoelectrics because there is 
much less hysteresis associated with the 
motions. 

Work on active optic systems has con- 
tinued over the years, and similar multi- 
layer actuators were used to correct the 
positioning of the optical elements in the 
Hubble telescope. Supermarket scanners 
use actuators and flexible mirrors to op- 
tically interrogate bar codes.10 

Relaxor Ferroelectrics 
Ordered perovskites generally have 

low dielectric constants because the 
linkage between "active" ions is severed. 
In partially disordered structures such 
as the relaxor ferroelectrics, the dielectric 
constant can be extremely large, making 
them useful as capacitor dielectrics 
and as electrostrictive actuators. The 
most widely used compositions are 
modifications of lead magnesium nio- 
bate, PbjMgNbjO,. 

Relaxor ferroelectrics consist of tem- 
perature-sensitive microdomains result- 
ing from the many different "active" ion 
linkages in the disordered octahedral 
framework. Each NbO» octahedron may 
bond to anywhere from 0 to 6 other 
NbO» octahedra. Connections between 
these octahedra are essential to ferroelec- 
tricity and high dielectric-constant K 
values. As temperature decreases from 
the high-temperature paraelectric state, 
ferroelectric microdomains gradually co- 
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alesce to macrodomains. giving rise to a 
diffuse phase transformation. These po- 
larization fluctuations are also depen- 
dent on bias field and measurement 
frequency, I he dielectric constant drops 
off rapidly -.v:rh frequency (hence the 
name "relaxor ) because it takes time for 
the polarization fluctuations to respond. 
Direct-currer.t bias fields favor coales- 
cence, giving the same effect as results 
from lowering the temperature. 

Relaxor behavior is very common 
among Pb-based perovskites,' suggesting 
that Pb2" ar.d its "lone-pair" electrons 
play a role in the microdomain process, 
possibly by adjusting the orientation of 
the lone pair. 

Electrostricrion is a 6 x 6 matrix, relat- 
ing strain to the square of the electric po- 
larization. This type of matrix is familiar 
to most mater^is scientists because elec- 
trostricrion :s a fourth-rank tensor al- 
most identical in form to elasticity. For a 
cubic crystal, we deal with the same co- 
efficients—I'.. 12, and 44—that would 
normally be used to describe the elastic 

properties of a cubic crystal. In this case, 
strain is induced electricailv rather than 
mechanically. 

Compared to piezoelectricity, which 
utilizes a polar material, electrostrictive 
transducers use a cubic material, a mate- 
rial poised on an instability with mi- 
croregions fluctuating in polarization. 
On the average, the atoms reside in the 
ideal cubic sites but are continually shift- 
ing off these positions. An atomic view of 
the Qu,Q 12/ and Qu motions1 in an elec- 
trostrictive material appears in Figure 5. 
The underlying origin of these effects 
is a partial ordering of the PMN perov- 
skite structure, in which the niobium 
and the magnesium atoms of PMN alter- 
nate in position but onlv over short 
ranges, typically 30-50-A units—just a 
few unit cells. Within these ordered is- 
lands, fluctuating dipoles exist that are 
acted upon by an external field to make 
large electrostrictive morion. 

Magnetostrictive Actuators 
Lead zirconate titanate and PMN 

ceramics are outstanding ferroelectric 
actuators, but equally interesting devel- 
opments are taking place in ferroelastic 
and ferromagnetic materials. All these 
ferroic materials have a domain structure 
in which the walls can be moved with 
electric fields, magnetic fields, or me- 
chanical stresses. 

Magnetostrictive allovs like Terfenol-D 
(Tb'-*DyiFe2) function well as both 
sensors and actuators.11 High-power ac- 
tuators can deliver forces greater than 
50 MPa with strains up to 0.6% while 
magnetostrictive sensor materials can 
provide hundreds of times the sensitiv- 
ity of semiconductor strain gauges. Mag- 
netoelastic materials also have tunable 
elastic moduli that can be controlled by 
external magnetic fields. 

A large number of magnetomechani- 
cal transducers and actuators utilizing 
Terfenol-D have been designed and 
manufactured. The high-energy density 
of these actuators, plus their ruggedness 
and reliability, make them attractive for 
vibration suppression and high-power 
sonar. Thin films of magnetostrictive 
iron-rare-earth alloys can be sputtered 
on silicon and patterned bv etching or 
sputtering through masks. Micropump 
and microvalve membranes and canti- 
levers appear to be promising MEMS 
components. " 

The rare-earth atoms in Terfenol have 
large orbital moments that interact with 
fields to give large magnetostrictive 
strains. Rotation of the magnetization is 
largely responsible for the shape change. 
The symbol A denotes the saturation 
strain. The field-induced strain in Ter- 
fenol D is about a hundred times larger 
than those in iron and nickel. 

The iron in Terfenol produces the high 
Curie temperature. The rare-earth ter- 
bium and dysprosium atoms produce the 
large magnetostriction. In combination 
these three elements produce the useful 
alloys. What I wish to point out here is 
the analogy to PZT. Plotted in Figure 6 is 
a portion of the magnetic phase diagram 
of the material. It is cubic and paramag- 
netic at high temperature, and then un- 
dergoes a magnetic phase transformation 
to a rhombohedral structure with mag- 
netic spin parallel to (111) directions. 
Near room temperature, it is poised on an 
instability with the spins ready to reori- 
ent into the tetragonal directions, the for- 
mer (100) directions of the cube. There is 
a complex domain structure both above 
and below the transition. Like PZT it is 
poised on a rhombohedral-tetragonal 
phase boundary. The phase diagram of 
Terfenol has the magnetic equivalent to 
the morphotropic boundary of PZT. 
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The figure of merit for magnetostric- 
tive actuators is proportional to the satu- 
ration strain coefficient. In addition to a 
large shape change, the strain must be 
easy to move. Therefore the anisotropy 
coefficient v. which controls the rotation 
of the magnetization, also comes into the 
figure of merit A/Jt. TbFe2 has a very 
large A coefficient but also has a large an- 
isotropy constant k, which reduces the 
figure of mem. DyFe2 has an anisotropy 
coefficient of opposite sign. By tuning 
the composition to be near the point 
where the anisotropy coefficient goes to 
zero, one can make an easily movable 
strain in this magnetostrictive allov. This 
maximizes the figure of merit. 

Figure 7 shows the two magnetic phase 
changes for Terfenol-D. At high tempera- 
ture, it is paramagnetic. Below 7", near 
700 K, the spins are aligned along a [111] 
direction, giving a rhombohedral distor- 
tion of the unit cell. The strong antiferro- 
magnetic interactions between the iron 
and rare-earth spins make the allov fer- 
rimagnetic rather than ferromagnetic. 
Near room temperature, there is a spin 
reorientation to the tetragonal (100) di- 
rections of the cube. The magnetic point 
group changes from 3 m' (the prime 
indicating a time reversal operator) to 
4/mm'm'. 

An explanation of the large magne- 
tostrictive effect in TbFe2 and iron-rare- 
earth intermetallic compounds has been 
put forward by Clark and co-workers.'"' 
Pure rare-earth metals possess large 
magnetostrictive strains but are not used 
as actuators because of their low Curie 
temperatures. When alloved with iron 
however, the RFe: compounds are mag- 
netic at room temperature with T- values 
near 700 K. 

The large magnetostriction coefficients 
are caused by the orbital motion of the 
rare-earth 4/'electrons, which impart a 
shape anisotropy to the atoms. Trivalent 
terbium and dysprosium ions resemble 
flattened oblate ellipsoid's while erbium. 
samarium, and thulium have elongated 
prolate shapes. Under strong magnetic 
fields, the magnetization rotates to a new 
orientation and is accompanied bv a 
shape change. 

The resulting magnetostrictive strain is 
especially large for RFe2 compounds with 
the cubic Laves C15 structure. The struc- 
ture distorts to a pseudocubic femmag- 
netic phase below the Curie temperature 
with the iron sublattice magnetization 
opposed to that of the rare earths. At 
room temperature, the preferred direc- 
tions for magnetization are the six U00> 
cube axes for domains in DvFe-. For 
TbFe2 the eight (111) bodv diagonals are 
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Figure 6. Binary pnase diagram for 
the Tb.-,Dy,Fe: system. 
Compositions near the magnetic spin 
boundary atx - 0 7 are used in 
magnetostrictive aoplications. 'J 

Courtesy of A E. Clark. 

the easy axes or magnetization. 
The magnetostriction coefficients are 

largest for the rhombohedrailv distorted 
alloys with (111) easy axes. This can be 
understood by examining the crvstal 
structure. In the C15 structure, the'rare- 
earth ions form a diamondlike lattice in 
which each rare-earth atom is bonded 
along (111) directions to four other rare 
earths. When a magnetic field is applied 
along [111] and the RFe: compound mag- 
netizes in this direction, there is a redis- 
tribution of electron density, and a 
change in the R-R bonding. For oblate 

?,TTi    T^T,terblUnl' ,he bonds a'°ng 
[HI], [111], and [111] are enhanced 
when the 4/ electron contribution to the 
Tb-Tb bond along [111] is decreased 
This causes expansion along [111] and 
contraction in the perpendicular direc- 
tions. For ErFe2 the prolate erbiums also 
align along (ill) directions, but a field 
along [111] causes a contraction along 
[111] rather than an expansion. In this 
case, the Er-Er bond along [111] grows 
stronger and shorter as magnetization 
develops along [111], Thus TbFe2 has a 
large positive magnetostriction coeffi- 
cient, and ErFe2 has a large negative 
coefficient. 

Other RFe2 compounds magnetize 
along (100) directions and have rather 
modest magnetostrictive coefficients. 
The enhancement in electron density is 
the same for all four R-R bonds pointing 
along different (111) directions. This ap- 
plies to both oblate and prolate rare-earth 
atoms. As a result, the magnetostriction 
coefficient of DyFe: is an order of magni- 
tude smaller than that of TbFe2. 

Nevertheless it is important to alloy 
TbFe: with DyFe2. In actuators and 
transducers, it is very useful to have a 
large shape change, but it is also impor- 
tant to be abie to control the shape change 
with small applied fields. A large shape 
change frozen in position is of no practi- 
cal value. To lower the driving field, a 
second phase change is positioned near 
room temperature. This can be done by 
lowering the Curie temperature, but this 
has the effect of demagnetizing the ac- 
tuator and greatly reducing the magne- 
tostriction coefficient. It is preferable to 
choose a composition near the rhombo- 
hedral-tetragonal phase boundary where 
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F/gure 3. Body-centered intermetallics often show a structural transformation from a 
nigh-temperature disorderea oody-centered -cubic phase (space group Im3m) (a) to 
an annealed ordered austenite phase with the CsCI structure (space aroup Pm3m). 
(b) At lower temperatures, there is a second phase transition from austenite to a 
twinnea martensite phase, pictured here as three variants of a body-centerea 
tetragonal phase (space group P4/mmm) (c) with ferroelastic ana antiphase aomain 
walls. 

the easy axis switches from <111> to Ü00V 
Compositions near Dy0.7Tbn,Fe2 have 
large magnetostrictive coefficients with 
easily controlled shape changes. Below 
room temperature, the magnetic symme- 
try changes from rhombohedrai to te- 
tragonal with a large decrease in the 
magnetostrictive shape change. 

Shape-Memory Metals 
My last example of an actuator mate- 

rial involves the shape-memorv allovs. 
which are thermally driven rather than 
the magnetic drive of magnetostrictors or 
the electrical drive of piezoelectric and 
electrostrictrve materials. This material 
too has phase transitions associated with 
the large thermomechanical-coupling 
coefficients. A commonly used material 
is Nitinol, nickel titanium allovs investi- 
gated initially at the Navy laboratories/4 

Working near 1:1 compositions, the 
nickel titanium intermetallic compound 
melts congruently at about 1300°C and 
has a martensjtic phase transformation 
near room temperature. 

The shape-memory alloys undergo 
martensitic transformations similar to 
those observed in the processing of steel. 
Two characteristics of martensitic phase 
changes are the absence of long-ranee 
diffusion and the appearance of a shape 
change." Ferroelastic phase transforma- 

tions are also distortive and diffusion- 
less, and have much in common with the 
martensites. Ferroelastic crystals exhibit 
mechanical hysteresis between stress 
and strain caused by the stress-induced 
movement of domain walls. Martensites 
are also internally twinned, but me- 
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Figure 9. Crystal structure of the 
martensitic phase of Nitinol. NiTi. The 
space group is P2,/m with lattice 
parameters a — 2.884. b - 4.110, 
c - 4.665 A,ß~ 98.10°. Sometimes 
referred to as the low AuCd structure, 
there are 12 orientation states of this 
monociinic phase with respect to the 
cubic austenite phase. * 

chanical stress causes phase changes as 
well as domain-wall movements. 

Typically these materials are partiallv 
ordered as they undergo a transition 
from body-centered-cubic structure to a 
partially ordered CsCI structure (Fig- 
ure 8). The shape-memory effect takes 
place at a martensitic transformation 
from the cesium chloride-like structure 
into a distorted multidomain martensite 
phase. Under stress the martensite easilv 
deforms, and when reheated, goes back 
to the original morphology of the high- 
temperature structure. This is the shape- 
memory effect. 

Some of the martensitic structures are 
very complex (Figure 9). The monociinic 
structure of nickel titanium belongs to 
point group 2/m and has a ß angle about 
8° different from 90°. This generates a 
large spontaneous strain accompanying 
the martensitic phase change and is the 
shape change upon which external me- 
chanical stresses and thermally induced 
stresses act. In the case of ferroeiectrics, 
external fields act upon electric dipoles. 
For magnetic actuators, there are mag- 
netic dipoles. With ferroelastics there is a 
shape change. 

In the diffuse martensitic phase change, 
the partially ordered high-temperature 
austenite phase partially transforms into 
the martensite phase (Figure 10). Then 
under mechanical stress, two things hap- 
pen. Domain reorientation takes place as 
indicated by the little bars in Figure 10. 
and phase changes occur as well. This be- 
havior is very similar to the electrical be- 
havior of the PMN relaxor ferroeiectrics. 

To summarize, most of the best actua- 
tors are primary ferroics. These ferro- 
elastic. ferromagnetic, or ferroelectric 
solids are poised on an instability, often 
with two or more phase changes involved. 
Lead zirconate titanate is cubic at high 
temperature and is poised on a tetrag- 
onal-rhombohedral phase boundary. 
Partially ordered PMN is poised on'a 
cubic-rhombohedral transition. The 
shape-memory alloys are also partially 
ordered and are poised on a martensitic 
phase transformation. Magnetostrictive 
terbium dysprosium iron alloys are cubic 
at high temperatures and are operated 
at a rhombohedral-tetragonal spin 
reorientation. 

In addition to the four materials just 
discussed, other types of actuators are 
under development. Field-induced phase 
transitions in modified lead zirconate ce- 
ramics involve transitions between 
paraelectric, antiferroelectric, and fer- 
roelectric phases." Two phase transitions 
are involved in photostrictive materials 
in which the material changes its electri- 
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cal and mechanical characteristics under 
illumination.-" The same number of 
phase transitions is also involved in 
chemostrictive materials with partially 
hydrated polymeric systems in which 
there are phase transitions both in the 
polymer and in the surrounding sheath 
of water molecules during the actuation 
process. 

Biomolecular Actuators 
Phase transformations also take place 

in protein-water systems during muscle 

action.1. Protein molecule- consist of 
polypeptide chains with a—.ino-acid 
residues as side groups. The dielectric re- 
laxation spectrum of protein molecules 
in aqueous solution provide; evidence of 
the dynamic interaction between 
proteins and the surroundir.c sheath of 
water molecules Based on c:e;ectnc loss 
measurements, there are five relaxation 
processes between 10"J Hz and 10" Hz. 
Conductive space-charge effects occur at 
frequencies below 1 kHz. followed by 
orientational fluctuations or the entire 

Figure 10. Shaoe-memory alloys transform from a partially ordered high -temcerature 
cubic austenmc phase (a) to a mixed austenite-martensitic partially transtorrrea 
low-temoeraiure state (b) at the ooerating temperature. When deformed uncer 
mechanical stress (tension ana compression) (c) phase changes and domain-wall 
movements taxe place. The metaj returns to its original shape when the austenite 
phase reappears under heating." Both twin orientation and phase changes occur 

protein molecule near 1 MHz. Dipolar 
relaxation for bound water molecules lie 
near 10* Hz and for free water are at 
10 " Hz. At high frequencies, picosecond 
(10u Hz) fluctuations arise from the 
structural substates of the hvdrogen 
bonds within the polypeptide chain. 
Changes in the dielectric spectrum with 
temperature and pH help decipher the 
protein-water interactions. 

At low temperatures, the water sur- 
rounding the protein molecule forms 
clathrate-like cages consisting of hvdro- 
gen-bonded pentagonal and hexagonal 
rings. This ordered configuration of the 
water molecules keeps the polymerlike 
protein in a disordered extended form 
with its side groups trapped in the cages 
of water molecules. 

On heating, the water molecules begin 
to move, breaking the hydrogen bonds 
and the clathrate cages, the side groups 
of the protein molecule are thereby re- 
leased, allowing the protein to collapse 
into its folded form. It is held in this 
spiral-like collapsed configuration by in- 
ternal hydrogen bonds between neigh- 
boring turns in the spiral. 

Thus two transformations occur simul- 
taneously. When heated the water 
molecules become more disordered 
while the protein molecules become 
more ordered. For the system as a whole, 
entropy must increase with temperature 
as required by the second law of thermo- 
dynamics. Therefore the entropy in- 
crease of the water molecules must 
exceed the decrease in entropy of the 
protein molecules. This coupled phase 
change leads to a sizable decrease in vol- 
ume caused by the coiling motion of the 
protein polymer. As demonstrated bv 
Uny,-J this abrupt change in volume can 
be driven by temperature, pressure, 
light, electric field, or chemical change. 
Molecules like glutamic acid are espe- 
cially good chemostrictors. The key side 
groups are COOH under acidic condi- 
tions and COO" at neutral pH. The 
COOH group is more Hydrophobie than 
the charged COO" complex, causing the 
glutamic molecule to expand with in- 
creasing pH. Small changes in acidity can 
produce large mechanical movements. 

Some inorganic substances behave in a 
similar way. The surface of a dry silicate 
tends to adsorb water, causing the mate- 
rial to swell. Although many minerals 
exhibit this phenomenon, layer silicates 
like Na-saturated montmorillonite 
(Na3i2-,A1,.T0,(0H) • nH,0) show the 
greatest swelling potential.21 When Na- 
montmorillonite is mixed with water, it 
dissociates into platelets only a few unit 
cells thick. The resulting sol has a gellike 
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3-3 (two views) 

Figure 11. ~en connectivity patterns used in composite smart materials. By 
arranging two materials in series ana parallel patterns, internal stress ana field 
distributions can be optimized to improve device performance." 

character that tends to be thixotropic. 
Water adsorption is very rapid in the first 
few minutes with slower expansion over 
the long term. The chemostrictive effects 
resulting from the hydrophilic nature of 
siiicate surfaces are capable of generating 
strains of ?ö°o or more with large forces. 

Functional Composites 
My last few comments have to do with 

another approach to actuation and sens- 
ing, and are cioser to my own interests: 
composite materials. What we have de- 
scribed so far are materials that, at least 
at high temperature, are single-phased. 
Another approach to making smart ma- 
terials is to bring together two or more 
different materials, each of which has a 
phase transition associated with it. In our 
transducer program, we combine poly- 
meric materiais having phase transitions 
in which the elastic properties undergo 
large changes and ferroelectric materials 
in which the dielectric properties have 
an associated instability. The two mate- 
rials have different types of instability, 
enabling us to build up structures espe- 
cially good for sensing and actuating. 

What we have tried to do in this fam- 
ily of functional composites is to take ad- 
vantage of the fact that when optimizing 

Table II: Composite 
Electromechanical Tranducers Offer 

a Number of Advantages Over 
Single-Phase Transducers. 

• Reduced acoustic impedance—better 
coupling to water and human tissue. 

• Lower drive voltage with internal 
electrodes. 

• Improved sensitivity to hydrostatic waves. 
• Enlarged displacements. 
• Acoustic isolation of adjacent sound 

sources. 
• Passive and active vibration absorption. 
• Improved high-frequency performance 

with smaller active regions. 
• Mechanical strength and flexibility. 
• Backing layers to absorb unwanted 

vibrations. 
• Reduced hysteresis. 
• Internal stress and field rearrangement. 
• Improved breakdown strength. 
• Tuned coupling coefficients, oermittivity, 

and elasticity. 
• Beam-forming capability. 
• Rapid ringdown. 

a material, generally one is not trying to 
optimize aii of the tensor coefficients but 
only those appearing in the figure of 
merit. Therefore we have built into these 
materials different connectivity patterns 
with an eiec::xally soft material (a ferro- 
electric) and an electrically hard material 
(a polymer; having a very low dielectric 
constant. On the other hand, the polymer 
is mechanicaiiy soft with compliance co- 
efficients several orders of magnitude 
larger than those of the ceramic. Using 
the connectivity patterns in Figure 11, 
we build up parallel and series connec- 
tions that optimize particular combina- 
tions of tensor coefficients.22 

Reductions :n acoustic impedance are 
obtained by partially replacing ceramic 
with a soft polymer that couples the 
transducer v-brations better to water and 
to human tissue. Inserting electrodes in- 
side the transducers lowers the drive 
voltage, and improved sensitivity to hy- 
drostatic v.aves and enlarged displace- 
ments are a-.ong the other advantages 
listed in Table II. The composite trans- 
ducers illustrate a very general approach 
that appiies not only to piezoelectric 
materiais but to many other functional 
composites. 

Composite Sensors 
and Actuators 

Composite materials have found a 
number of structural applications, but 
their use in the electronics industry has 
been relatively limited. As the advan- 
tages and disadvantages of composites, 
sensors, and actuators become more 
clear, we expect this picture to change. 

We have manufactured and tested 
composite piezoelectric transducers in 
our laboratory for the past two decades. 
These functional composites make use of 
a number c: underlying ideas, including 
the following: connectivity patterns (Fig- 
ure 11) leading to field and force concen- 
tration; the use of periodicity and scale 
in resonant structures; the symmetry of 
a composite structure and its influence 
on physical properties; polychromatic 
percolation and coupled conduction paths; 
varistor action and other interracial ef- 
fects; sum. combination, and product 
properties: coupled phase-transforma- 
tion phenomena; and the important role 
that porosity and inner surface play in 
many functional-composite materials. 
These ideas- provide a basic understand- 
ing of functional-composite sensors and 
actuators. A few examples of composite 
piezoelectncs and their applications ap- 
pear here. As I will point out later, some 
of these transducers mimic the geome- 
tries of the sound-sensing organs of fish: 

28 MRS Pill I niM/MHV 10fl7 
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Figure 12. Piezoelectric composites (or 
The numbers describe the connectivity 

elongated feelers, vibrating air bladders, 
and spherical inner ears. As illustrated in 
Figure 12. composite transducers come 
in a variety of different geometries. 

Initially these studies concentrated on 
polymer-ceramic composites for use as 
hydrophones. Several interesting connec- 
tivity patterns" were developed includ- 
ing 3-3 structures made by the replamine 
process-' and by fugitive phase tech- 
nique.;-' Then came the more useful 1-3 
composites, consisting of parallel PZT 
fibers embedded in a polymer matrix. 
These structures were made by extru- 
sion,26 by dicing,-" and more recently by 
injection molding"1 and lithographic lost- 
wax techniques.1' The coupling between 
the ceramic fibers and the polymer ma- 
trix-is important.30 In optimizing hydro- 
phone performance, the dh£h product was 
chosen as a figure of merit (Figure 13), 
where d. is the hydrostatic-piezoelecric 
charge coefficient and gh is the hvdro- 
static-piezoelectric voltage coefficient. 
The 1-3 composite increases dh and £h bv 
reducing the dn piezoelectric coefficient 

use as sensors, actuators and transducers 
patterns utilized in the transducers. 

and the dielectric constant while main- 
taining a large d33 coefficient. 

The usefulness of the 1-3 composite in 
high-frequency applications for nonde- 
structive testing and medical diagnostics 
surfaced later.313: Biomedical transducers 
require resonant frequencies in the 1-10- 
MHz range, as well as requiring high 
electromecha n ica 1 -coupl i ng' coefficients, 
low acoustic impedance, and broad 
bandwidth. The 1-3 transducers manu- 
factured by Siemens29 have thickness 
resonances of 5-10 MHz, an electrome- 
chanical-coupling coefficient k, - 0.67, a 
dielectric constant K - 600, a dielectric 
loss factor tan 8 < 0.025, and an inverse 
mechanical loss Q of about 10. 

Poling is sometimes difficult for the 
long, slender PZT fibers used in 1-3 
composites. Electric breakdown often oc- 
curs before poling is complete, and the 
transducer is ruined. Lower poling and 
driving fields are obtained when the 
spaghettilike PZT fibers are replaced 
with macaronilike PZT tubules. When 
electroded inside and out, the thin- 

walled tubes are poled and driven radi- 
ally at relatively modest voltages. Radial 
motions are coupled to length-wise dis- 
placements through the d„ coefficient. 
Effective piezoelectric constants of about 
8,000 pC/\ and large dh#h products are 
achieved with these composites.33 Other 
variants on the basic 1-3 structure in- 
clude the 1-2-3 composite with trans- 
verse load-bearing fibers,30 the 1-3-0 
composite with a foamed polymer ma- 

' trix,3' and the interesting woven-fiber 
composites devised by Safari and co- 
workers 

Perhaps the simplest piezoelectric 
composite is the 0-3 transducer made bv 
dispersing ceramic particles in a polv- 
mer matrix The NTK PiezoRubber films 
and cables are used as flexible hvdro- 
phones, keyboards, blood-pressure cuffs, 
and musical instruments. They are man- 
ufactured by hot-rolling PbTiÖ, particles 
into a chloroprene rubber matrix.3* 

Composites with 3-1 and 3-2 connec- 
tivity were prepared by drilling either 
circular or square holes'in prepoled PZT 
blocks Drilling was carried out in a di- 
rection perpendicular to the poled axis 
and bv filling the drilled holes with 
epoxy." On samples optimized for hy- 
drophone performance, the gh and rf„ jh 
coefficients were about 4 and 40 times 
greater, respectively—for the 3-1 com- 
posites—and 23 and 150 times greater 
for the 3-2 composites compared to those 
of solid PZT. 

Ball-bearing (bb) transducers are made 
from hollow spheres of PZT and are a 
few millimeters in diameter, about the 
same size as the metallic pellets used in 
air rifles (bb guns). PZT bbs are mass- 
produced by a patented forming process " 
in which air is blown through a PZT 
slurry of carefully controlled viscositv. 
The hollow spheres are 1-6 mm in di- 
ameter with wall thicknesses of 0.1 mm. 
Densities are about 13 g/cm\ giving the 
bb a low acoustic impedance close to that 
of water and human tissue. When em- 
bedded in a polymer matrix to form a 
0-3 composite, the bb spheres are sur- 
prisingly strong, and are able to with- 
stand large hydrostatic pressure without 
collapse. Close-packed transducer arravs 
are easily assembled. 

When electroded inside and out, and 
poled radially, the bb becomes an om- 
nidirectional transducer suitable for un- 
derwater or biomedical applications. For 
spheres. 2.6 mm is the diameter with 
90-/im-thick walls. The resonant fre- 
quencies are 700 kHz for the breathing 
mode (d>]) and 10 MHz for the wall- 
thickness mode (rf„). The bbs are small 
enough for use in catheters for noninva- 
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Figure 13. Hydrophone figure of merit for composite transaucers and various . 
piezoelectric materials. Values reported are for transducers approximately 1 cm in 
diameter wnen possible." 

sive surgery to act as beacons, sensors, 
and actuators. 

In recent years, piezoelectric and elec- 
trostrictive ceramics have been used in 
many actuator applications.3' To meet 
these needs, a new type of composite 
actuator based on a flextensional trans- 
ducer has been developed.4" This ce- 
ramic-metal composite actuator, or 
"moonie" consists of either a piezoelec- 
tric ceramic disk or a multilaver stack. 

sandwiched between two specially de- 
signed metal end caps. This design pro- 
vides a sizable displacement, as well as a 
large generative force. In other words, it 
bridges the gap between the most com- 
mon types of actuators, the multilayer 
and the bimorph. The shallow spaces 
under the end caps produce a substantial 
increase in strain by combining the rf33 
and d„ contributions to the ceramic. The 
design is attractive for hvdrophone. 

transceiver,and actuator applications, 
and is especially advantageous for use as 
a nonresonant, low-frequencv projector 
in deep water.41 Patents describing the 
manufacture and testing of manv of 
these composite transducers appear in 
Table III. rr 

In this way, we have optimized a num- 
ber of the properties of these materials. 
Figure 13 illustrates the hvdrophone ca- 
pabilities of these composites.42 Hydro- 
phones or underwater listening devices 
are normally made from pure PZT. How- 
ever by developing the right combination 
of metals, ceramics, and polvmers in the 
systems, the hydrostatic piezoelectric co- 
efficients can be made far more sensitive 
for fish finding, biomedical applications, 
and geophysical exploration. 

Biomimetic Transducers 
The word "biomimetic" comes from 

the Greek words "bios" meaning "life" 
and "mimetikos" meaning "to imitate." 
Biomimetic means to imitate life or to 
use the biological world as a source of 
ideas for device concepts. For the past 
20 years, we have been making biomime- 
tic transducers from polymers, metals, 
and piezoelectric ceramics, arranged in 
various connectivity patterns. Some of 
the biomimetic ideas we have pursued 
appear in Figure 14 in cartoon form. 

Our very first biomimetic transducer 
was copied from coral using a lost-wax 
method. The resulting PZT skeleton was 
back-filled with a flexible polymer to 
form a transducer with 3-3 connectivitv 
and excellent piezoelectric properties.24' 

Fish and the other inhabitants of the 
underwater world have some interesting 
ways of talking and listening that we have 
copied using piezoelectric ceramics. For 
most fish, the principal sensors are the 
lateral line and the inner ear coupled to 
the swim bladder. The pulsating swim 
bladder also acts as a voice, as do chatter- 
ing teeth in certain fish species. The lat- 
eral line runs from the head to the tail of 
the fish and resembles a towed arrav 
with sensing organs (stitches) spaced at 
intervals along the nerve fiber. Each stitch 
contains several neuromasts made up of 
gelatinous cupulae resembling pimples 
in shape. Within each cupulae are a num- 
ber of fibers that vibrate as the fish swims 
through the water and that act as sensors 
for flow noise. The hairlike fibers are ex- 
tremely thin in diameter, ranging from 
0.5 to 10 ßm. When stimulated bv turbu- 
lence, the motion of the hairs produces 
changes in the synapses that are in turn 
connected to the nerve fiber. The electric 
signal originates from impedance changes 
in cell walls that modulate the flow of K " 
ions. The lateral line is especially sensi- 

30 
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Table III: Patents on Composite Transducers. 

Flexible Piezoelectric Composite Transducers 
Perforatea PZT Polymer Composites 

PZTComoosite and a Fabrication Method Thereof 
Broad-Bandwidth Composite Transducers 

Piezoelectric Filler and Flexible Piezoelectric Composites 
Transversely Reinforced Piezoelectric Composites 
1-3-0 Connectivity Piezoelectric Composite with Void 
Easily Poled 0-3 Piezoelectric Composite for Transducer 

Applications 

Method of Detecting Sound in Water Using Piezoelectric- 
Polymer Composites with 0-3 Connectivity 

Transformed-Stress-Direction Acoustic Transducer 
Frequency Agile Sonic Transducer 

Metal-Electroactive Ceramic Composite Actuators 

Patent No. 
4227111 

4422003 
4412148 
4485321 
4624796 
4613784 
4728845 

4944891 

4977547 
4999819 
5166907 
5276657 

Issue Date 

10/07/80 
10/20/83 
10/25/83 
11/27/84 
11/25/86 
12/21/86 
03/01/88 

07/31/90 

12/11/90 
03/12/91 

11/24/92 
01/04/94 

five to low-frequencv fluid motion paral- 
lel to the length of the fish. In the 50-Hz 
range, threshold signals appear for dis- 
placements as small as 30 nm." 

The 1-3 composite hydrophones we 
patented 15 years ago mimic the hair- 
filled cupulae of the lateral line. Thin PZT 
fibers embedded in polymer provide ex- 
cellent electromechanical coupling to a 
liquid medium and have potential uses as 
both sensors and actuators. Transducers 
(1-3) function well in both the low- and 
high-frequency ranges.44 The Materials 
Systems Corporation now manufactures 
these transducers using injection mold- 
ing. Other manufacturers continue to use 

Goniopera Coral 

the dice-and-fill method developed in 
our laboratory 20 vears aco. 

Another of our piezoelectric hvdro- 
phone composites maximizes the figure 
oi merit or sensitivity by simDlv redirect- 
ing the applied stresses using speciallv 
shaped electrodes.45 These are the flex- 
tensional moonie and cymbal transduc- 
ers that mimic the motions of the swim 
bladder. Shallow air spaces reside under 
the metal electrodes while the PZT ce- 
ramic plays the role of the muscle lining 
or the swim bladder. When subjected to a 
hydrostatic stress, the thick metallic elec- 
trodes convert a portion of the ^-direction 
stress into large radial and tangential 

Whale Songs 

Composite Piezoelectric 

Lateral Line 

Biomedical 
Two-Dimensional Array 

stresses or opposite signs. The result is an 
inexpensive compact transducer with 
superb piezoelectric properties. Benthos 
and Input Output-manufactured moonie 
tranducers ror towed arravs and under- 
sea oil exploration. 

The holiow-sphere PZT transducers 
mimic the inner ear of a fish. The inner 
ear consists of inertia-sensing chambers 
resembling accelerometers. Within each 
chamber is a dense ear stone (otolith) 
that vibrates in a near-field sound wave. 
The inertia of the ear stone causes it to 
lag behind the motion of the fish, and to 
push against hair cells which line the 
chamber isacculus). On bending, the 
hair cellular membranes deform, stimu- 
lating neural transmissions to the brain. 
Connections to the air bladder improve 
the sensitivity to far-field sound.4* 

As an example of a bio-inspired trans- 
ducer, consider the doublv-resonant 
cymbal transmitter.47 Male coqui frogs 
in the Caribbean National Forest of 
Puerto Rico communicate with nearbv 
frogs by emitting a two-tone "co-qui" 
call. The iou-frequency "co" note at 
1160 Hz is a warning to other male frogs 
marking territorial boundaries. The 
"qui" note at 2090 Hz is a "come hither" 
mating call to females.4* 

A doubiv resonant transducer mim- 
icking the frog call in the low-kHz range 
has been constructed from an asvmmet- 
rically-capped PZT disk. The two reso- 
nances can be tuned individually by 
selecting cap metals of different stiffness 
or different geometry (Figure 15). Effi- 

Air Bladder 

1-3 Hydrophone 

Drumming Muscles 

~Z7- 

Flextensional Moonie 

Frog Double Talk 

■> 

Cymbal Actuator 

Hippo Over and Under Chows 

Inchworm 

2-2 Multilayer Actuator 

Inner Ear 

Dual-Tone Transducer 

Bat Biosonar 

End-Clamped Multilayer 
Spherical Ball-Bearing 

Transducer 
Frequency-Modulation 

Tunable Transducer 

Graded Impedance 

Shark-Skin Denticles 

Smart Piezocomposite 

Figure 14. Some of the biomimetic structures and transduction 
composites. mecnamsms we have copied in past studies of piezoelectric 
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Ö. 
ftpure 15. An asymmetric ilextensional two-tone transducer (a) combining the end- 
cap geometries of the standard moonie (b) and cymbal (c) designs. The asymmetric 
transaucer gives an admittance spectrum with two resonances. This mimics the 
dual-note call of the coqui frog.4" 

cient underwater transmitters with 
broad bar.dwidth can be obtained by 
coupling -he two frequencies together.4" 
Dual-tone transducers are under devel- 
opment :or imaging breast cancer 
tumors.5 

Summary 
Several common themes appear in this 

talk. Two transformations are involved 
in most of these smart materials, often a 
primary ferroic (ferroelastic. ferroelec- 
tric, or ferromagnetic) with domain-wall 
motions that assist in the sensing and ac- 
tuating processes. The ferroics are oper- 
ated near an instability to make these 
domain -.vails with their associated 
dipoles and strains movable. We have 
identified several types among the com- 

monly used actuator materials, and oth- 
ers appear to be possible too. In one type, 
a high Curie temperature exists as in 
PZT or Terfenol, and the actuator is oper- 
ated near an orientational change of the 
electric or the magnetic dipole moment. 
The second type involves a partially or- 
dered phase, as in electrostrictive PMN 
or the shape-memory alloys. These mate- 
rials are operated near a diffuse phase 
transition with two coexisting phases, the 
high-temperature or austenitelike phase 
and the low-temperature or martensitic- 
type phase. A third type involves com- 
posite materials with coupled phase 
transformations. 

The underlying strategies to optimize 
smart materials are fairly obvious. Why 
primary ferroic? These materials provide 

a handle for external fields or forces, 
whether it be a strain or an electric dipole 
or magnetic dipole. Why a cubic proto- 
type phase? The answer is that it gives 
many equivalent orientation states and 
makes it possible then to use polycrys- 
talline materials without the necessity of 
growing single crystals. Why partial'or- 
dering? This structure provides manv 
nucleation sites for generating a diffuse 
phase transformation. Why a mor- 
photropic transition? This instability en- 
sures persistent disequilibrium'over 
quite a wide range. In his recent book. 
Out of Control,51 author Kevin Kelly de- 
scribes how biological systems evolve 
into more complex life forms: Neither 
constancy nor relentless change will 
support a complex dynamic svstem. 
Equilibrium is death, and complete 
chaos leads to explosive behavior, also 
followed by death. On the other hand, 
persistent disequilibrium optimizes dy- 
namic behavior by staying on the hairv 
edge of rapid response. The behavior of 
the sensor and actuator materials used in 
smart systems appears to be consistent 
with this idea. 

As we look to the future, many new 
types of smart systems will be devel- 
oped. Aerospace engineers are interested 
in smart air foils to control drag and tur- 
bulence. Diabetics need medical systems 
to sense sugar level and deliver insulin. 
Architects are designing smart buildings 
that incorporate self-adjusting windows 
to control the flow of energy into houses. 
Tennis piayers will want smart racquets 
to make overhead smashes and delicate 
drop shots. Smart systems will identify 
burglars and other dishonest people, and 
control their movements. Smart toilets 
are capable of analyzing urine to identify 
health problems. Smart irrigation system's 
are needed to optimize the world's food 
supply. Fish are the leading source of 
protein in many parts of the world. We 
can farm the oceans using smart trans- 
ducers to talk to the fish and herd them 
like cattle. The word "smart" is being 
used everywhere, including the comic 
strips. Dagwood and Blond ie recently 
visited a used-car dealer who told them 
about a smart car, and they asked what 
was meant by a "smart car"? The dealer 
replied that the car is so smart, if the pay- 
ments are not made, it will drive itself 
back to the dealership! 
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Terminology for "Smart" Materials 
Piezoelectricity: A linear relationship between electric and 
mechanical variables. Electric polarization is proportional to 
mechanical stress in the direct piezoelectric effect. The ther- 
motiynamicaily related converse piezoelectric effect relates 
mechanical strain to the applied electric field. Only soiids 
lacking a center of symmetry show piezoelectricity, a third- 
rank tensor property. 

ElectrostricTion: A quadratic relationship between mechani- 
cal strain and the square of the electric polarization. Eiec- 
trostriction is normally a small effect, but electrostnctive 
strains can be surprisingly large near the Curie temoera- 
ture of a ferroelectric substancef Electrostriction is a fourth- 
rank tensor property observed in both centric jnd acentric 
insulators. 

Ma?nc:ostr:c::on: Mechanical deformation induced bv a mag- 
netic field. The shape change is largest in ferromagnetic or 
ferrimagnetx solids in which mechanical strains accom- 
pany the motion of domain walls and the rotation of the 
magnetization vector. 

Shape Memory. A thermomechanical phenomenon in which 
a soiid returns to its undeformed shape after being heated to 
an eievated temperature. Large shape-memory effects occur 
in certain intermetallic compounds with martensitic phase 
transformations. Such metals are easily deformed in the low- 
temperature, martensitic phase but return to their original 
shape when transformed to the high-temperature austenitic 
state. 

Ferroic Solids are characterized by the presence of domain 
walls, which can be moved by external fields or forces. Fer- 
roelectrics. ferromagnetics, and ferroelastics are the three 
primary types of ferroics. There are also six kinds of sec- 
ondary ferroics of less practical importance. 

Ferroelectrics are ferroic solids in which domain walls can be 
repositioned with applied electric fields. This leads to hvs- 
teresis between electric polarization and the applied field. 

Most ferroelectrics undergo a disriacive phase transforma- 
tion at the Curie temperature <~j where the spontaneous 
polarization and the domain structure disappear. Above Tc 
a normal ferroelectric is in its panelectric state, in which di- 
electric permittivity follows a Carie-Weiss law. This is not 
true for relaxor ferroelectrics. which are characterized by a 
broad, diffuse phase transition and large permittivity values 
that are strongly dependent on frequencv and do not obev a 
Curie-Weiss law. 

Ferromagnetic materials are the magnetic analogue to ferro- 
electrics. Hysteresis between magnetization and an applied 
magnetic field arises from the movement of magnetic do- 
main walls. The spontaneous magnetization, hysteresis, and 
domain walls disappear when a ferromagnetic is heated 
above Tc into its paramagnetic state. Fcrrimagnetic materials 
show macroscopic properties similar to ferromagnets but dif- 
fer on the atomic scale. Within a given domain, the mag- 
netic dipoles of a ferromagnetic solid are parallel to one 
another. In a ferri magnetic, some of the dipoles are aligned 
in other directions. Nevertheless there is a net magnetiza- 
tion within each domain, as in a ferromagnet 
Ferroelasticity is the mechanical analogue to ferroelectricity 
and ferromagnetism. These materials exhibit hysteresis be- 
tween strain and stress caused by the motion of ferroelastic 
domain walls. The effect is more complicated near a marten- 
sitic phase transformation where mechanical stress induces 
changes in crystal structure as well as domain-wall motion. 
Martensitic shape-memory alloys have broad, diffuse phase 
transformations with coexisting high- and low-temperature 
phases. Domains disappear when fully transformed to the 
high-temperature austenitic (paraelastic) state. 
Piiotostrictive and Chemostrictive materials show sizable 
changes in shape due to light or chemical environment. 
These effects are caused by changes in electronic structure 
or in chemical bonding and are usually not connected with 
domain-wall motion. 
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dielectric ceramics, 
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A survey of ongoing R&D in the 
United States and Japan was con- 
ducted to identify and characterize 
future development of electronic 

ceramics. The types of electronic ceramics 
included in this study were: 

•Dielectric ceramics for capacitors and 
microwave filters; 

•Piezoelectric ceramics for transducers 
and actuators; 

•Ferroelectric thin films for semiconduc- 
tor memories and microactuators. 

Information for this survey was obtained 
by an analysis of U.S. patent literature from 
January 1990 through August 1996 and 
through responses to questionnaires sent to 
Japanese technologists. This was supple- 
mented by recent review articles1-5 and by 
information presented at workshops and 
symposia17-20 dedicated to electronic 
ceramics. This assessment confirmed that 
the field of electronic ceramics will remain 
a fertile area for R&D. The biomedical and 
telecommunication industries were identi- 
fied as potential growth areas. 

For dielectric ceramics, development of 
multilayer ceramic capacitors (MLCs) will 
continue, and miniaturization—e.g., thinner 
dielectric layers—and cost reduction—e.g., 
nickel electrodes—will be primary drivers. 
However, the need for discrete components 
may decrease as technology evolves toward 
increasing integration, with capacitors, 
resistors and inductors incorporated into 
multifunctional ceramic packages and/or 
semiconductors. 

New applications for piezoelectric 
ceramic transducers and sensors continue to 
emerge. However, difficulties in reducing 
manufacturing costs have limited several 
high-volume applications of piezoelectric 
actuators. Increased applications of piezo- 
electric ceramics are expected for the 
biomedical and aerospace industries, which 
can tolerate the relatively high cost of 
piezoelectric ceramic components. 

Successful development of high-capacity 
semiconductor memories, incorporating fer- 
roelectric thin-film materials, is expected 
within several years. Many of the technical 
issues related to thin-film deposition and 
integration with semiconductors have been 
solved. Additional near-term applications of 
ferroelectric thin-film technology include 
microactuators and microelectromechanical 
systems (MEMS). 

Development times for electronic ceramic 
products are expected to be reduced, with 
fewer resources available for R&D. This will 
result in an increased emphasis on matching 
R&D resources to identified market needs. 

Finally, there is a growing awareness of 
environmental issues in Japan, which may 
result in a shift in priorities for future R&D 
of electronic ceramic products. Of particu- 
lar concern is the use of lead in electronic 
ceramic products—e.g., lead-based solders, 
lead-based relaxors and lead zirconate 
titanate-based piezoelectric ceramics. 
Future research may be directed toward 
identifying alternatives to these materials. 



PATENT HISTORY OF U.S. AND JAPANESE ELECTRONIC CERAMICS 

Electronic ceramics encompasses a 
broad range of existing device markets 
and future applications currently under 
development. Several technical 
reviews providing specific details of 
electronic ceramics materials and 
associated device manufacturing tech- 
nologies are available1-5 as evidence 
of the breadth and scope of this field. 
Electronic ceramics markets are domi- 
nated mostly by U.S. and Japanese 
companies, with a small but signifi- 
cant European market presence and a 
growing presence by companies in 
Korea. Singapore and China. 

Dielectric Ceramics 
Besides ceramic substrates and 
packages—which were not directly 
addressed by this study—MLCs and 
microwave filters provide the largest 
markets for electronic ceramics 
materials. The ceramic capacitor market 
in the United States is >S900 
million/year, and this market is growing 
at lCTc/year.6 The Japanese ceramic 
capacitor market is usually estimated at 
3—4 times that of the U.S. market. The 
U.S. microwave dielectric filter market is 
conservatively estimated at S300-S400 

Ferroelectric films 
■Dielectrics 
IPiezoelectrics 

1990 1991  1992 1993 1994 1995 1996 

Year 

Total number of U.S. electronic ceramics 
patents for piezoelectric ceramics, 
dielectric ceramics and ferroelectric thin 
films for January 1990 through August 
1996. Steady increase in the total number 
of patents each year is caused by expanded 
patent activity for piezoelectric ceramics 
and ferroelectric thin films. 

million, which is similar to that of the 
Japanese market. 

The dielectric ceramics materials 
used in these passive devices represent 
intense past and future development 
activity. The dielectric materials used 
in MLCs have continually evolved to 
meet ever-increasing demands for 
miniaturization, higher-frequency oper- 
ation, stable response over a wide tem- 
perature range, improved reliability and 
reduced manufacturing costs. Meeting 
these market demands requires the 
development of new dielectric materi- 
als and improved manufacturing meth- 
ods for reducing dielectric layer 
thicknesses in MLCs. An example is 
the current activity in Japan toward 
using nickel electrodes in MLCs as a 
replacement for more-expensive silver 
and silver-palladium electrodes. 

Mobile telephones, pagers and 
microwave communications have cre- 
ated a large market for dielectric 
ceramic filters during the past 10 years. 
The stringent requirements for this 
application include high dielectric per- 
mittivity, negligible temperature depen- 
dence and extremely low microwave 
dielectric loss. 

1990 1991   1992 1993 1994 1995 1996 

Year 

Total number of U.S. dielectric ceramics 
patents, assigned to organizations in the 
United States. Japan and other countries 
for January 1990 through August 1996. 
Japanese and U.S. organizations received 
50% and 37^. respectively, of the total 
number of patents 

Piezoelectric Ceramics 
Piezoelectric   and   electrostrictive 
ceramics are used in the consumer, 
automotive, medical and aerospace 
industries. These applications range 
from low-cost buzzers and filters 
through high-performance transducers 
for ultrasonic imaging systems78 and 
towed array sonars.910 Relatively new 
uses of piezoelectric ceramics include 
actuators in cameras and ink-jet printers. 

This diversity makes accurate assess- 
ments difficult, but the U.S. market for 
piezoelectric ceramic components has 
been estimated at $128 million in 
1994, with a 10%/year growth rate.6 

The Japanese market for piezoelectric 
ceramic components is estimated at 
»$500 million. The markets for the 
systems that rely on piezoelectric 
ceramics are much larger, hence, the 
importance of these materials. 

There has been an ever-increasing 
trend toward improving the perfor- 
mance and reliability of piezoelectric 
ceramics. Therefore, new applications 
of ultrasonic motors, actuators and 
transformers have been proposed. 

The promise of developing "smart" 
materials."12 providing both sensing 
and actuating functions, has increased 
the focus on development of piezoelec- 
tric, electrostrictive and other active 
materials. A current smart application 
of piezoelectric ceramics is the suspen- 
sion systems in high-end luxury cars.13 

Other smart applications involving 
piezoelectric ceramics in combination 
with other materials are under develop- 
ment to meet U.S. military needs. 

Ferroelectric Thin Films 
Ferroelectric thin films are defined 
here as inorganic ferroelectric films 
with thicknesses <10 mm. Liquid- 
crystalline and other polymeric thin- 
film ferroelectric materials for 
displays and other applications are 
subjects of intense R&D activity, but 
these materials have not been included 
in this assessment. 

The development of inorganic ferro- 
electric thin films is in its infancy, 
when compared to dielectric and 
piezoelectric ceramics. Although 
research on ferroelectric films was ini- 
tiated in the 1960s,1415 large-scale 
development efforts did not begin in 
earnest until the late 1980s. 



Two reasons for the rapid expansion 
of R&D activity directed at ferroelec- 
tric films are the availability of 
improved thin-film deposition tech- 
niques and the identification of ferro- 
electric films as an enabling technology 
development of high-capacity non- 
volatile memories (NVMs) and high- 
capacity dynamic random-access 
memories (DRAMs). Although most of 
the current development of ferroelectric 
films focuses on semiconductor memo- 
ries, other applications have been iden- 
tified.16 including microactuators, 
pyroelectric detectors and optical 
waveguide devices. 

Information Gathering 
A keyword search of U.S. and Japanese 
patent literature was performed for 
dielectric ceramics, piezoelectric 
ceramics and ferroelectric thin films, 
covering January 1990 through August 
1996. Abstracts of identified patents 
were obtained and reviewed. Patents 
were classified by the type of research 
conducted—e.g., materials or devices— 
the specific application—e.g., MLC or 
microwave filter, sensor or actuator, 
NVM or DRAM—and the nature of the 
assignee organization—industrial, 
government, university, individual. 
Trends  in patent activities were 
identified based on these classifications. 

Questionnaires were distributed to 
>400 Japanese technologists active in 
electronic ceramics research, develop- 
ment and manufacturing. Analysis of 
the questionnaire responses provided 
an important perspective on how 
Japanese technologists view the past 
and look toward the future. The con- 
tent and results of this questionnaire 
will be reported in the August 1997 
issue of Ceramic Bulletin. 

Patent Literature Review 
Dielectric ceramics and piezoelectric 
ceramics have relatively long technical 
histories and represent areas where 
electronic ceramics technology is being 
applied to the improvement of existing 
products and to the development of 
new applications. Searches of the U.S. 
and Japanese patent literature for these 
two types of ceramics provided 
comparable results. Therefore, the 
discussions that follow are based on 
statistics compiled for U.S. patents— 

U.S.-Philips 

TAM 

OoD 
AVX 

Ferro 
Sprague 

x       „   Tl 
Trans-Tech 

DuPont 

Motorola 

Others 

Distribution of U.S. patents assigned to U.S. 
organizations for dielectric ceramics January 
1990 through August of 1996. Two companies 
■with the largest number of patents were 
Motorola and AVX. the largest U.S. producers 
of microwave filters and capacitors, 
respectively. However, most of the dielectric 
patents were assigned to research 
organizations—individuals, small companies, 
DoD laboratories and universities—not 
currently involved in the manufacture of 
dielectric ceramics or related devices. 

because many more U.S. patents were 
identified in our searches. 

In comparison, ferroelectric thin 
films have a short technical history 
based on the limited number of patents 
published prior to 1990. Only eight 
U.S. patents on ferroelectric thin films 
were found for 1976-1989. Thus, for 
the most part our searches of the U.S. 
and Japanese patent literature covered 
the entire patent history of ferroelectric 

N6K 

Matsushita 

TDK 

Kyocera 
Taiyo Yuden 

Sumitomo 
NEC 

Murata 

Others 

Distribution of U.S. patents assigned to 
Japanese organizations for dielectric 
ceramics for January 1990 through August 
1996. More than 95% of these patents 
were received by large Japanese 
companies, and 70% were received by only 
15 companies. Murata was the leading 
patenter of dielectric ceramics, with 62 
patents, or about one in every six of all 
U.S. patents. 

films. Furthermore, these searches pro- 
vided complementary information. 
Therefore, the following discussion on 
ferroelectric thin films is based on both 
U.S. and Japanese patents. 

During the period covered, 1834 
U.S. patents were found for dielectric 
ceramics (21%), piezoelectric ceram- 
ics (65%) and ferroelectric films 
(14%). U.S. and Japanese organiza- 
tions were assigned a similar number 

U.S. Patents on Piezoelectric Ceramics Assigned to U.S. Organizations 

Organization Primary patent subtopic 

Number of patents 

1990-1993 1994-1996 Total 

U.S. DoD* Micropositioners, hydrophones, 
sonars, composites, SAW devices 

43 35 78 

Individuals Sensors, optics, rainbow actuators 34 20 54 
Hewlett-Packard Ultrasonic transducers (biomedical) 8 20 28 
General Electric Ultrasonic transducers (biomedical) 14 11 25 
Motorola SAW filters, buzzers 5 15 20 
Caterpillar Actuators (fuel injection systems) 11 1 12 
Rockwell Motors, gyroscopes, MEMS 10 1 11 
IBM Actuators for ink-jet printers, MEMS, 

positioning heads for magnetic recording, 
toner-level sensors 

5 6 11 

Compaq Ink-jet printers 0 11 11 
All others Composite processing, bar-code readers, 

actuators, motors, nondestructive testing, 
ultrasonic bone healing 

105 150 265 

Total I 235 270 505 
Includes DoD laboratories and DoD-funded universities. 
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Types of dielectric compositions covered 
by U.S. compositional patents received by 
U.S. organizations for January 1990 
through August 1996. These patents 
covered primarily conventional BaTiOj- 
based dielectric compositions in the early 
1990s, with emphasis shifting to 
microwave compositions by the mid-1990s. 

Types of dielectric compositions covered by 
U.S. compositional patents received bv 
Japanese organizations for January 1990 
through August 1996 Slightly less than half 
of these patents covered microwave 
dielectric compositions, and a significant 
proportion covered dielectric compositions 
compatible with manufacture of MLCs with 
internal nickel electrodes 

U.S. Patents on Piezoelectric Ceramics Assigned to Japanese Companies 

Organization Primary patent subtopic 

Number of patents 

1990-199: i    1994-1996 Total 

Murata SAW filters, gyroscopes, buzzers, 
accelerometers. bimorph actuators 

15 39 54 

NEC Actuators, ultrasonic motors, 
transformers 

24 12 36 

Matsushita SAW filters, ultrasonic motors, 
ultrasonic probes 

16 18 34 

Brother Ink-jet and dot-matrix printers 18 12 30 
Seiko-Epson Ultrasonic motors, ink-jet printers 9 15 24 
NGK SAW filters, composites, actuators, 

sensors 
10 12 22 

Mitsubishi Actuators, knock sensors, gyroscopes 16 5 21 
Hitachi SAW filters, ultrasonic probes, 

ultrasonic motors 
16 2 18 

Fujitsu Ink-jet printers, ultrasonic probes, 
transformers, bimorph actuators 

10 8 18 

Toshiba Ultrasonic probes, transformers, 
bimorph actuators 

10 8 18 

Toyota Fuel injection systems 10 5 15 
Canon Micromotors, ultrasonic motors, 

cantilever actuators 
5 10 15 

Nikon Ultrasonic motors 8 6 14 
Sumitomo SAW devices 3 7 10 
Olympus Ultrasonic motors, cantilever actuators, 

atomic-force microscope 
4 6 10 

All others Motors, micropositioners, sensors, 
automotive suspension systems 

83 64 147 

Total 257 229 486 

"No differential on was made between like-named companies wtttiir the sarre kyortsj. e 0 . Matsush ita. NGK. 
Mitsubishi and Su mitomo. 

of patents. 783 and 787, respectively, 
accounting for 86% of the total. Most 
of the remaining 264 patents were 
assigned to European and Korean 
organizations. A gradual increase in 
the number of patents each year was 
noted, except for a reduction in the 
total number of patents in 1994, pri- 
marily caused by a significantly 
reduced patent activity in dielectric 
ceramics. 

Dielectric Ceramics Patents 
A total of 391 U.S. patents were found 
for dielectric ceramics, with Japanese 
and U.S. organizations receiving 
-50% and -37%, respectively. 

More than 95% of the Japanese orga- 
nizations that received U.S. patents on 
dielectric ceramics were large compa- 
nies, with Murata leading with 62 
patents. 32% of the Japanese-assigned 
patents. Other large Japanese compa- 
nies with a significant number of U.S. 
patents include NGK Insulators, 
Matsushita Electric Industrial. TDK. 
Kyocera. Taiyo Yuden and NEC. The 
large number of patents assigned to 
Murata is consistent with its domi- 
nance of the worldwide ceramic capac- 
itor and microwave filter markets. 

A diverse range of U.S. organiza- 
tions received patents on dielectric 
ceramics, with Motorola—the world 
market leader in the cellular telephone 
market—leading the way with 17 
patents. 12% of the U.S.-assigned 
patents. U.S. capacitor and dielectric 
materials suppliers—AVX, U.S. 
Philips. TAM. Ferro and Sprague— 
also received significant numbers of 
patents. However, >60% of the U.S.- 
assigned patents were received by 
organizations not currently involved in 
the manufacture of ceramic capacitors 
or microwave filters. This list includes 
U.S. Army and U.S. Navy laborato- 
ries, defense contractors, universities 
and small businesses. 

The patent review indicated differing 
dielectric composition development 
strategies between U.S. and Japanese 
companies. U.S. companies were more 
aggressive than Japanese companies in 
developing new dielectric composi- 
tions for conventional BaTi03 based 
(X7R/Z5U) MLCs (19 vs 8 patents). 

Japanese companies were more 
aggressive in developing microwave 



compositions (59 vs 6 patents) and 
PbO-based relaxor dielectrics (14 vs 2 
patents). It is significant that the 
Japanese have developed rare-earth- 
modified BaTi03 (X7R) dielectric 
compositions that can be sintered with 
nickel internal electrodes under reduc- 
ing atmospheres. Japanese companies 
received 33 U.S. patents on these 
compositions, while U.S. companies 
received none. Korean companies had 
seven compositional patents, most for 
microwave compositions. 

Several patents were obtained by the 
U.S. Department of Defense (DoD) 
and its contractors, primarily on 
dielectric materials used in microwave 
phase shifters. These dielectric materi- 
als essentially were ignored by 
Japanese developers. This is indicative 
of an overall trend in the U.S. elec- 
tronic ceramics field, where the U.S. 
government funds a substantial 
amount of R&D toward developing 
materials that meet military needs. 

Several U.S. companies and fewer 
Japanese companies received patents 
for their development of dielectrics 
used in low-temperature cofired 
ceramic (LTCC) packages. These 
patents were obtained mostly by large 
materials suppliers and electronic sys- 
tem manufacturers, including TRW, 
Hughes, Westinghouse, Ferro and 
DuPont in the United States and 
Fujitsu, NEC and Kyocera in Japan. 

Piezoelectric Patents 
A total of 1187 U.S. patents were found 
for piezoelectric ceramics, with U.S. 
and Japanese organizations receiving 
41% and 42%, respectively. From 1990 
through 1994, 140-175 patents/year 
were issued on piezoelectric ceramics. 
However, a substantial increase in 
patent activity was observed for 1995 
and 1996, 275 and 231, respectively—a 
prorated total was used for 1996. The 
wide range of applications that involves 
piezoelectric ceramics led to extreme 
diversity in the nature of the inventions 
and the types of organizations receiving 
patents, thus making it difficult to 
provide concise classifications. 
However, the results of the patent 
search can be summarized by identified 
trends. 

From 1990 through 1993, Japanese 
companies received 273 U.S. patents 
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Total number of U.S. patents for 
piezoelectric ceramics assigned to 
organizations in the United States, Japan 
and other countries for January 1990 
through August 1996. Japanese and U.S. 
organizations received 419c and 42%, 
respectively, of the total number of patents. 

on piezoelectric ceramics, compared 
to 219 patents received by U.S. orga- 
nizations. This trend was reversed dur- 
ing 1994 through 1996, with U.S. 
organizations receiving 270 patents 
and Japanese companies 229 patents. 
This shift appears to be more related 
to an expansion of development activ- 
ity in the United States, rather than a 
reduction of Japanese activity. 

Only seven U.S. companies received 
10 or more patents on piezoelectric 
ceramics. They accounted for 118 
patents, only 23% of the total number 
of patents assigned to U.S. organiza- 
tions. On the other hand, there were 

1990 1991  1992 1993 1994 1995 1996 

Year 

Total number of U.S. patents for 
ferroelectric thin films assigned to 
organizations in the United States, Japan 
and other countries for January 1990 
through August 1996. U.S. and Japanese 
organizations received 54% and 40%, 
respectively of the total number of patents. 

15 Japanese companies with 10 or 
more patents, accounting for 339 
patents (70%). 

Research at DoD laboratories and 
funded universities resulted in 70 
patents on piezoelectric ceramic materi- 
als and devices. Another 54 patents 
were assigned to individuals affiliated 
with universities or their own small 
businesses. The four companies receiv- 
ing the most U.S. patents were 
Japanese, with Murata clearly dominant 
with 54. 

The two U.S. companies receiving the 
most U.S. patents were Hewlett- 
Packard and General Electric. They 

Patents on Ferroelectric Thin Films by Technical Subtopic 

Technical subtopic 

Number of U.S. patents 
Number of 

Japanese patents 

United States Japan Japan 

Integration with semiconductors 
NVMs 
DRAMs 
Other applications 
Sputtering deposition processes 
MOCVD processes 
Sol-gel deposition processes 
Laser-deposition processes 

Total 

46 
50 
4 

13 
2 
8 

11 
4 

138 

18 
61 
4 

12 
5 
1 
1 
1 

103 

65 
55 
32 

5 
14 
3 
8 
1 

183 
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National Semiconductor 

Micron 

Motorola 

Texas 
Instruments 

Symetnx 

Bellcore 

DoD/DoE/NASA 

Ramtron 

Others 

Universities 

DoD Contractors 

J 
Distribution of U.S. patents assigned to U.S. 
organizations for ferroelectric thin films for 
January 1990 through August 1996. 
Semiconductor manufacturers accounted for 
~509c of these patents, with the remainder 
being distributed among a variety of research 
organizations including universities, small 
businesses. U.S. government laboratories and 
DoD contractors. 

were active in the development of ultra- 
sonic transducers for biomedical appli- 
cations. The United States is dominant 
in the biomedical field, with numerous 
other patents related to ultrasonic trans- 
ducers, medical imaging systems, drug 
delivery devices and surgical tools. 
Japanese companies received few, if 
any, biomedical-related patents involv- 
ing piezoelectric ceramics. 

Use of piezoelectric actuators in ink- 
jet printing heads was the subject of 
considerable patent activity and recent 
commercial successes. Companies, sim- 
ilar to IBM and Compaq in the United 
States, and Brother and Seiko-Epson in 
Japan, were active developers of these 
devices. Successful development and 
commercialization also was achieved 

Olympus Oot;ca' NEC 

Toshiba 

Rohm 

Sharp 

Others 

Hitachi      Matsushita 

Distribution of U.S. patents assigned to 
Japanese organizations for ferroelectric 
thin films. January 1990 through August 
1996. Rohm, a Japanese semiconductor 
manufacturer, received more than 26°ic of 
these patents, and large Japanese 
companies, such as Olympus. Toshiba. 
Sharp and Hitachi accounted for an 
additional 44 K. 

for ultrasonic motors used in cameras 
and other specialized optical systems. 
Japanese companies with U.S. patents 
on ultrasonic motors included NEC, 
Matsushita. Seiko-Epson. Canon, 
Nikon and Olympus. 

Several recent patents were received 
by Japanese companies—NEC, 
Fujitsu and Toshiba—on piezoelectric 
transformers. This application has 
considerable commercial potential, 
because successful development of 
piezoelectric transformers will allow 
miniaturization of flat-panel displays. 

Many patents were awarded to U.S. 
and Japanese companies active in the 
automotive industry. Piezoelectric 
ceramics continue to find new auto- 
motive applications as sensors, e.g., 

Patents on Ferroelectric Thin Films Assigned to Japanese Companies 

Number of patents 
Company Primary patent subtopic U.S. Japan Total 
Rohm NVMs 27 8 35 
Sharp NVMs 10 22 32 
Hitachi Integration with semiconductors 11 19 30 
Toshiba Integration with semiconductors 11 15 26 
Matsushita Electric 

Industrial 
Sputtering deposition processes 5 14 19 

NEC Integration with semiconductors 3 15 18 
Olympus Optical NVMs 13 5 18 
Seiko-Epson Integration with semiconductors 2 16 18 
TDK NVMs 2 7 9 
Fujitsu Integration with semiconductors 0 9 9 

Total 84       | 139       ' 223      j 

for antilock braking systems. Japanese 
companies, especially Murata. have 
been active in the development of 
piezoelectric gyroscopes, which may 
find applications in automotive guid- 
ance (global positioning) systems. 

Several automotive companies were 
active in the development of multi- 
layer piezoelectric actuators for fuel- 
injection systems. Companies 
receiving patents on these systems 
included General Motors, Ford and 
Caterpillar in the United States, and 
Toyota. Nissan and Honda in Japan. 
Most of these patents were issued in 
the early 1990s, but the technology 
has not been commercialized because 
of the difficulty in reducing manufac- 
turing cost for the multilayer actua- 
tors, even at the high production 
volumes that this application would 
provide. 

Japan appears to be dominating the 
development of surface acoustic wave 
(SAW) devices, which may become 
competitive with dielectric filters for 
telecommunications if their operation 
can be pushed to higher frequencies. 
Japanese developers of SAW devices 
include Murata. Matsushita. NGK, 
Hitachi and Sumitomo, whereas 
Motorola is one of few U.S. companies 
with patents in this area. In general, 
SAW device patents covered electroding 
patterns and methods, with a few patents 
on new materials, e.g., La:B407 and 
ZnO-diamond composites. 

A relatively new development in the 
United States is microelectromechani- 
cal systems (MEMS), with patents 
received by IBM. Rockwell and 
Massachusetts Institute of Technology. 
Anticipated MEMS applications 
include biomedical devices, semicon- 
ductor manufacturing and robotics. 

Few patents were found on "smart" 
systems, i.e., where piezoelectric sen- 
sors and actuators are integrated within 
a composite material or structure. 
These smart systems are being heavily 
funded by the U.S. government, with 
several anticipated military aerospace 
applications—e.g., vibration damping, 
signature reduction and structural 
health monitoring. 

Ferroelectric Patents 
A total of 255 U.S. patents were found 
for ferroelectric thin films, with U.S. 



and Japanese organizations receiving 
-54% and 40%, respectively. Our 
search of the Japanese patent literature 
identified 183 patents, all assigned to 
Japanese organizations. The patents 
issued for ferroelectric thin films 
increased steadily from 1992 through 
1996. This trend is consistent with the 
rapid expansion of research activity in 
ferroelectric thin films that began in 
the late 1980s and continued through 
the 1990s. 

Of 286 U.S. and Japanese patents 
assigned to Japanese organizations, 282 
patents (98%) were assigned to large 
Japanese manufacturing companies. Of 
138 U.S. patents assigned to U.S. orga- 
nizations, only 61 patents (44%) were 
assigned to large U.S. manufacturing 
firms, and 46 patents (33%) were 
assigned to small businesses. The 
remaining 31 patents were distributed 
among universities, the U.S. government 
and contract research organizations. 

In contrast to dielectric and piezo- 
electric ceramics, the precompetitive 
nature of ferroelectric thin-film tech- 
nology has fostered several alliances 
between U.S. and Japanese organiza- 
tions. Virginia Tech, a U.S. university, 
has assigned many of its patents to 
Sharp. Symetrix, a U.S. small business, 
and Olympus Optical are jointly devel- 
oping and patenting ferroelectric thin- 
film technology. Other examples of 
active U.S.-Japanese alliances include 
Ramtron International. Fuji-Xerox and 
Texas Instruments-Japan. 

The semiconductor industry is the 
market-driving force behind develop- 
ment of ferroelectric thin-film technol- 
ogy. Of 424 patents assigned to U.S. 
and Japanese organizations. 335 
patents (79%) were directly related to 
semiconductor memories (NVMs and 
DRAMs) or to semiconductor fabrica- 
tion processes for integrating ferro- 
electric films on silicon. Most of the 
remaining 89 patents were specific to 
thin-film deposition processes for 
semiconductor substrates or to appli- 
cations involving ferroelectric films 
deposited onto semiconductors. The 
10 most prolific Japanese developers 

of ferroelectric thin-film technology, 
accounting for 223 of 284 patents, are 
manufacturers of semiconductor com- 
ponents and/or electronic systems. 

Of the 216 U.S. and Japanese patents 
related to semiconductor memories, 
176 patents were specific to NVMs 
and 40 to DRAMs. The disparity 
between NVM and DRAM patents 
may have been skewed by the large 
number of patents assigned to semi- 
conductor integration. Another expla- 
nation may be related to the relatively 
recent entry of U.S. semiconductor 
manufacturers into focused DRAM 
development programs. 

However, 32 of 40 DRAM-specific 
patents (80%) were Japanese. This 
suggests that Japanese companies 
decided not to pursue U.S. patents for 
their DRAM-specific inventions or that 
corresponding U.S. patents were disal- 
lowed. Furthermore, two Japanese 
companies—Rohm and Olympus 
Optical—received significantly more 
U.S. than Japanese patents, which is 
consistent with their alliances with 
U.S. research organizations. However, 
the opposite trend was observed for 
other Japanese companies with patents 
on ferroelectric films. 

It is difficult to make precise conclu- 
sions on deposition methods, because 
most of the identified patents were 
nonspecific with respect to the thin- 
film deposition processes. However, 
of the 25 process-specific patents 
assigned to U.S. organizations, nine 
thin-film deposition processes were 
developed by universities, eight by 
small businesses, three by contract 
research organizations and five by 
large U.S. manufacturing firms. 
Japanese companies were assigned 
only eight process-specific U.S. 
patents, but were assigned 26 such 
patents in Japan. Relatively new thin- 
film deposition processes—sol-gel, 
MOCVD and laser-deposition—were 
patented first by U.S. organizations, 
before any patents on these processes 
were received by Japanese companies. 

Several patents assigned to U.S. and 
Japanese organizations addressed 

issues related to integrating ferroelec- 
tric thin films on semiconductor sub- 
strates. Many of these patents 
described interlayers of various mate- 
rials to prevent diffusion of film con- 
stituents into the semiconductor. In 
some patents, interlayer films were 
described that served as templates for 
improving crystallinity and perfor- 
mance and/or promoting epitaxial 
growth of subsequently deposited fer- 
roelectric films. Several other patents 
described novel electrode materials 
that resulted in reduced fatigue or 
lower leakage currents in semiconduc- 
tor memories. 

A significant patent assigned to 
Symetrix was based on the develop- 
ment of SrBijTajOj—the so-called Y-l 
material—as a ferroelectric thin-film 
material providing fatigue-free polar- 
ization reversal. This patent alone led 
to subsequent development and several 
additional patents on deposition meth- 
ods and semiconductor integration 
methods for the Y-1 material. ■ 
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R&D of electronic ceramics in the 
United States and Japan was stud- 
ied to identify and characterize its 
future development. Dielectric 

ceramics, piezoelectric ceramics and ferro- 
electric thin films were included in the study. 

Information for this survey was obtained 
by an analysis of U.S. patent literature from 
January 1990 through August 1996 and 
through responses to questionnaires sent to 
Japanese technologists. The results of the 
patent survey were reported in the July 
1997 issue of Ceramic Bulletin. 

Questionnaires were distributed to >400 
Japanese technologists active in electronic 
ceramics research, development and manu- 
facturing, and 61 responses were obtained. 
The questionnaires addressed: 

•Most significant developments during the 
previous five years; 

•Important developments and applications 
anticipated to occur within the next five 
years: 

•Development activities expected to have 
decreasing importance in the next five years; 

•Economic and environmental factors that 
will impact future developments: 

•Key requirements for commercializing 
new products. 

This information was supplemented by 
review articles'-5 and presentations at work- 
shops and technical symposia17"20 dedicated 
to electronic ceramics. 

Japanese Technologists Surveyed 
Questionnaires were sent to Japanese 
technologists active in the field of 
electronic ceramics. The questionnaire 
contained seven questions that were 
designed to obtain Japanese perspective on 
significant recent developments and 
expected future developments in electronic 
ceramics and to identify factors that will 
influence future R&D directions. The 
responses included 46 from Japanese 
industry and 15 from academia. 

Information obtained during this assess- 
ment provided a definite contrast between 
development trends identified by the patent 
review and the survey of anticipated future 
R&D directions. There is significant lag 
time between the conception of an inven- 
tion and publication of a patent, so that the 
patent review process, by its nature, tends to 
monitor development activities that are at 
least two years old. However, there usually 
is a significant amount of development 
time—typically three to five years—before 
a patented invention reaches commercial 
implementation. For this reason, one may 
have expected that the two assessment 
approaches would provide parallel results. 

Dielectric Ceramics 
During the past 15 years, much R&D has 
been devoted to PbO-based relaxor dielectric 
compositions, such as Pb(Mg,Nb)03 and 
related compounds.21-22 The primary drivers 



ELECTRONIC CERAMICS R&D IN THE U.S.. JAPAN. PART II 

Survey Questions and General Responses 
1. Background of Survey Participants 

Most of the respondents indicated experi- 
ence in multiple electronic ceramics R&D 
fields. Dielectric ceramics were most often 
cited, followed by piezoelectric ceramics 
and ferroelectric thin films. 

2. Most Significant Recent Develop- 
ments Many responses addressed 
subtopics within the participant's area of 
expertise. Most of the developments cited 
contributed in reduction of manufacturing 
cost: component miniaturization; enabling 
new products or product improvements; 
saving energy; or fostering environmental 
consciousness. Many industrial respondents 
cited product-oriented developments rather 
than materials developments: i.e., miniatur- 
ized microwave filters were cited instead of 
low-loss microwave dielectric ceramics. In 
dielectric ceramics, thin-layer MLC fabri- 
cation methods were cited most often. In 
piezoelectric ceramics, several product- 
related developments—actuators, gyro- 
scopes, ink-jet printing heads, etc.—were 
cited. The development of lead-free piezo- 
electrics also was mentioned, although this 
area of R&D is at its infancy. In ferroelec- 
tric films, semiconductor memories were 
cited most often, with memory-related thin- 
film materials and deposition processes. 
Four industrial participants stated that there 
were no major developments within the 
past five years. 

3. Important New Electronic Ceramic 
Application(s) Responses ranged from 
generic to specific. In dielectric ceramics, 
new products based on multifunctional 
ceramic packages (with integrated capaci- 
tors, resistors and inductors) and microwave 
components for high-frequency telecommu- 
nications are expected. In piezoelectric 
ceramics, responses were distributed among 
several specific devices, all of which require 
the development of low-cost synthesis and 
fabrication processes for piezoelectric 
ceramics providing higher performance and 
better reliability than are available currently. 
Semiconductor-based devices incorporating 
ferroelectric thin films, such as memories 
and microactuators, are expected to be com- 
mercialized. Several responses indicated a 
growing awareness in Japan over environ- 
mental issues. 

4. Anticipated Future Developments in 
Electronic Ceramics A wide range of 
generic and specific responses were 
received. In dielectrics and ceramic pack- 
aging, the responses are best summarized 
by "fusion of semiconductor and ceramic 
packaging industries." Thus, ceramic pack- 
aging and semiconductor processing are 
expected to provide increased multifunc- 
tionality, with passive components— 
capacitors, inductors and resistors—all 

incorporated into the same ceramic pack- 
age or semiconductor substrate. Much 
future development is expected within fer- 
roelectric thin films for semiconductor 
memories. Only a few future develop- 
ments were cited under piezoelectric 
ceramics, and these primarily were related 
to specific actuator devices and low-cost 
fabrication methods for them. Several 
responses were related to advanced fabri- 
cation methods, such as artificial superlat- 
tices, nanoscale structural control and 
atomic-level control of thin-film deposi- 
tion processes. Mostly, the future develop- 
ments cited were consistent with that 
required to develop future products cited in 
response to the previous question. 

5. Current Applications Expected to 
have Less Importance Nineteen of the 
respondents gave no answer to this ques- 
tion. There were only five citations in piezo- 
electric ceramics and ferroelectric thin 
films, consistent with the expectation of 
additional future R&D. as suggested by 
responses to earlier questions. Most of the 
responses were related to capacitors and 
packaging, based on the assumption that 
electronic functions will be integrated into a 
single package, within the ceramic substrate 
or the semiconductor itself. This integration 
is expected to lead to a decreased reliance 
on discrete components—capacitors, resis- 
tors and inductors—as well as the ceramic 
substrates upon which these components 
currently are attached. Several respondents 
suggested that ceramic packaging will con- 
tinue to be replaced by polymer packaging. 

6. Important Economic or Environ- 
mental Factors Responses to this ques- 
tion indicate an acute awareness of envi- 
ronmental issues by Japanese scientists. 
One-half of all respondents mentioned the 
need to reduce the use of toxic materials in 
electroceramics. including lead and lead 
oxide. Other potentially hazardous ele- 
ments commonly used in electroceramics 
include bismuth, cadmium and nickel. The 
topics of energy conservation, clean 
energy sources and natural resource preser- 
vation also were cited. Of the economic 
factors, manufacturing cost was cited most 
often, with miniaturization, short develop- 
ment time and die need for development to 
keep pace with market demands. 

7. Requirements for Commercialization 
of New Products This question received 
a wide range of responses, with manufac- 
turing cost cited by -50% of the respon- 
dents. Other responses with multiple 
citations included R&D, marketing, match- 
ing R&D with market needs, reliability, 
product performance, short development 
time and environmental consciousness. 

for this development work were 
volumetric efficiency and low sinter- 
ing temperature offered by high- 
permittivity relaxors. Successful 
development of these relaxor dielectrics 
has led to limited commercial use of 
these lead-based dielectrics, primarily in 
Japan. 

However, the results of this assess- 
ment suggest that the development of 
lead-based dielectrics will be discon- 
tinued and their commercial use may 
even be phased out. This prediction is 
based on a growing concern in Japan 
over the use of toxic materials, e.g., 
lead compounds; recent development 
of green-sheet fabrication methods for 
producing MLC chip capacitors with 
ultra-thin dielectric layers; and 
increased use of temperature stable 
(X7R) capacitors needed by the auto- 
motive, appliance and consumer elec- 
tronics industries. 

Emphasis on MLCCs 
With an increased emphasis on MLC 
capacitors with temperature-stable, 
dielectric response, the assessment 
indicates two different approaches are 
being pursued by Japanese and U.S. 
capacitor manufacturers. In the United 
States, development efforts have 
focused on existing BaTi03-based 
X7R compositions, with the goal of 
reducing capacitor size by increasing 
permittivity from -3000 to -5000. 

Japanese capacitor manufacturers, 
especially Murata, TDK and Taiyo 
Yuden, have focused on reducing cost 
by developing BaTiCybased X7R 
compositions that can be sintered in 
reducing atmospheres, thus enabling 
the use of nickel electrodes. 

Although the latter approach may 
limit maximum permittivity levels to 
-3000. capacitor size reduction will be 
achieved by using ultrathin dielectric 
layers, i.e., <5 um. With successful 
commercialization of the Japanese 
approach, continued domination of the 
capacitor market by Japanese manu- 
facturers can be expected. 

Dielectric Powders 
Similar powder production methods are 
used in the United States and Japan, 
although the relative use a year of the 
various methods is different. In both 
countries, there is a widespread use of 



chemically prepared dielectric powders. 
In the United States, development 
efforts have focused on oxalate 
precipitation23 and other chemical 
synthesis methods2425 to prepare pure 
BaTiO. powders. Japanese efforts have 
focused on powders produced by 
hydrothermal synthesis.2627 This 
method28 involves the synthesis of 
crystalline powders from aqueous 
solutions at temperatures <350°C 

The use of hydrothermal BaTi03 

powder has enabled the Japanese 
development of X7R capacitors with 
nickel electrodes.29 Sakai Chemical is 
the primary supplier of hydrothermal 
BaTiO, powder in Japan, and Cabot is 
supplying hydrothermal BaTi03 pow- 
der in the United States. Although 
their initial process patents3031 were 
issued during the late 1980s. Cabot 
remains at the pilot scale of produc- 
tion, whereas Sakai currently is pro- 
ducing -50 tons/month of hydro- 
thermal BaTi03.

32 It remains to be 
seen whether U.S. capacitor manufac- 
turers embrace the hydrothermal 
BaTiO; technology or continue on 
their current development path. 

Microwave Filters 
The evolution of the telecommunica- 
tions market has increased demand for 
microwave dielectric filters. Most 
current production is based on bulk 
dielectric filters comprised of 
temperature-stable and low-loss 
dielectrics, such as BaTi409-based 
compositions. As with capacitors, 
there is an ever-increasing demand for 
reducing the size of microwave filters, 
which can be achieved only by 
using higher-permittivity dielectrics 
or by adopting a multilayer device 
configuration. 

Murata recently introduced smaller- 
sized filters based on high-permittivity 
microwave dielectrics. However, it is 
expected that the multilayer approach 
will be pursued for the next generation 
of dielectric filters. There is far greater 
potential for size reduction because a 
single multilayer device would replace 
several bulk filters. Commercialization 
of multilayer dielectric filters requires 
considerable additional development 
of dielectric and electrode materials, as 
well as multilayer fabrication methods. 

The dielectric ceramic material also 

should have a low sintering temperature 
to allow cofiring with silver elec- 
trodes.33--'5 or be compatible with sin- 
tering under reducing atmospheres to 
allow use of copper electrodes.36 

Successful development of multilayer 
filters requires that the internal electrode 
must be fabricated with greater perfec- 
tion than current multilayer fabrication 
methods allow: 

•Precise internal electrode patterns 
are required to achieve the desired reso- 
nance frequency of the multilayer filter; 

•Irregularity in dielectric thickness 
and/or roughness at the ceramic-elec- 
trode interface increase microwave 
losses: 

•The electrode layers should be 
highly dense to assure maximum con- 
ductivity and minimize losses. 

The patent review and questionnaire 
results also suggested that discrete 
dielectric filters, either in bulk or multi- 
layer geometries, may find future com- 
petition from low-temperature cofired 
ceramic (LTCC) packages3"-38 and/or 
piezoelectric surface acoustic wave 
(SAW) devices.39-10 LTCC packages 
may be developed with microwave fil- 
ter components buried within the pack- 
age itself, and SAW devices are being 
developed as a competing miniaturiza- 
tion technology for microwave filters. 

Piezoelectric Ceramics 
Current production of piezoelectric 
ceramics generally is based on lead 
zirconate titanate (PZTj ceramics, 
using conventional ball milling and 
calcination methods. PZT powders are 
acceptable for current piezoelectric 
ceramic applications, ranging from 
buzzers, filters, igniters and ultrasonic 
cleaners to towed array sonars, medical 
imaging systems, ink-jet printing 
heads, camera shutters, positioners for 
optical systems and sensors. 

Multilayer piezoelectric actuator 
technology has been proved for several 
high-volume automotive applications— 
e.g.. fuel-injection systems and suspen- 
sion systems. Commercializa- 
tion has been limited by difficulties in 
meeting performance and reliability 
requirements at acceptable manufactur- 
ing cost. For this reason, previous pre- 
dictions41 of enormous market growth 
for piezoelectric actuators have failed 
to materialize. Apparently, multilayer 

ceramic fabrication technology that 
allows capacitors to be manufactured at 
pennies per part, has not translated into 
the low-cost fabrication of multilayer 
actuators. 

Despite the difficulties in achieving 
necessary cost reductions for high^ 
volume production, piezoelectric 
ceramics continue to find new uses in 
low-volume, specialized applications 
where the relatively high costs can be 
tolerated. Examples include position- 
ing heads for magnetic recording,42 

scanning tunneling microscopes,43 

bar-code  readers,44  sensors   for 
antilock braking systems,45 toner sen- 
sors for laser printers46 and ultrasonic 
bone-healing devices.47 There appear 
to be several specialized biomedical 
applications of piezoelectric ceramic 
materials, where high cost can be tol- 
erated. For example, piezoelectric sin- 
gle crystals4" can be used in future 
ultrasonic imaging systems. 

New Fabrication Methods 
Injection molding is being developed as 
a low-cost fabrication method for 
piezoelectric-polymer composites.49 

Targeted applications include ultrasonic 
transducer arrays for ultrasonic imaging 
systems and transducer-actuator arrays 
for vibration-damping systems. Higher- 
frequency operation and, thus, smaller 
feature sizes are required to increase the 
resolution of ultrasonic imaging 
systems. As feature sizes are reduced to 
the 50 urn size range and below, 
mechanical strength becomes an issue 
during fabrication. 

The use of new synthesis and process- 
ing methods to allow preparation of 
fine-grained microstructures is a viable 
approach for improving mechanical 
properties, assuming that equivalent 
piezoelectric properties can be obtained. 

Miniaturized piezoelectric ceramic 
transformers50 are being developed for 
flat-panel displays and other com- 
puter-related applications. The need 
for a piezoelectric ceramic material 
with high mechanical Q and high driv- 
ing voltages may require the use of 
new ceramic-processing methods. 

Chemical synthesis methods have 
been applied successfully to capacitor 
dielectrics and provide significant 
advantages—e.g., thinner layers and 
nickel electrodes—despite higher pow- 
der costs. Hydrothermal synthesis51-32 
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and other advanced processing meth- 
ods9 also are being developed for 
piezoelectric ceramics. 

However, despite the promise of 
improved performance and reliability, 
no method has been developed beyond 
the pilot-scale evaluation stage. It 
remains to be seen whether successful 
development and scale-up of these new 
PZT powder production methods can be 
achieved, and whether these powder- 
processing technologies can provide the 
impetus required for successful large- 
scale commercialization of ceramic 
actuators and other high-performance 
piezoelectric ceramic applications. 

Japanese scientists identified the need 
for non-lead-containing piezoelectric 
ceramics. However, no such patents 
have appeared recently. It is doubtful 
that any "new" non-lead-containing 
piezoelectric ceramic systems will be 
identified. Therefore, research will 
focus on currently known materials. 

Research on lead-free piezoelectrics 
is being conducted at U.S.53 and 
Japanese universities,54 and useful 
piezoelectric compositions in the 
(Na^i^TiOj system54 have been 
identified. Other candidate non-lead 
piezoelectric systems would include 
perovskites. such as (Na,K)NbO,; bis- 
muth-layer-structured compounds, 
such as Bi4Ti3012, SrBi,Nb:09; and 
tungsten-bronzes, such"as (Sr.Ba)- 
Nb206. However, it is doubtful that 
ceramics within these systems will 
exhibit piezoelectric responses even 
close to those of PZT ceramics. 

If lead-free piezoelectric ceramics 
are mandated by future regulations, 
then considerable R&D will be 
required to identify suitable piezoelec- 
tric compositions and to develop 
ceramic-processing methods for these 
new materials. Also, system designers 
will be forced to compromise on the 
magnitude of piezoelectric strains and 
to focus on approaches to amplify the 
strains. Examples of recently commer- 
cialized strain-amplification technolo- 
gies include rainbow actuators55 and 
moonies.56 

Ferroelectric Thin Films 
Ferroelectric thin films have created 
excitement within the electronic 
ceramics community, with R&D 
beginning in earnest during the late 

1980s and continuing throughout the 
1990s. Although the promise" of using 
ferroelectric films in semiconductor 
memories has been known for some 
time,57- 58 the availability of suitable 
thin-film deposition techniques for 
multicomponent oxides is a relatively 
recent development. Many of these 
advanced deposition methods were 
developed for high-temperature super- 
conductors   and   then   applied   to 
ferroelectric materials as government 
funding for thin-film superconductors 
diminished and increased funding for 
thin-film ferroelectrics became available. 

In the United States, much of the 
government-funded initial ferroelectric 
thin-film R&D has been conducted at 
universities, small businesses and gov- 
ernment laboratories. In the late 1980s, 
the U.S. government supported devel- 
opment of NVM. with programs led by 
Raytheon and McDonnell Douglas. 
However, these heavily funded devel- 
opment programs failed to produce a 
commercial memory product. 

Current U.S. developers of NVM 
include two small companies. Ramtron 
and Symetrix. both of which are collab- 
orating with several Japanese compa- 
nies. Motorola and National Semi- 
conductor appear to be funding their 
own development work, based on 
patent search and their contributions to 
recent technical symposia. 

Beginning in 1992. the U.S. govern- 
ment shifted its priorities to the devel- 
opment of DRAMs, and work continues 
under a DoD-supported consortium59 of 
U.S. DRAM manufacturers—Micron, 
IBM and Texas Instruments—with sup- 
port provided by North Carolina State 
University, Advanced Technology 
Materials and Varian. Motorola is fund- 
ing its own DRAM development work. 

In recent years, the financial respon- 
sibility for much of the memory 
development work has been trans- 
ferred from the U.S. government to 
semiconductor manufacturers, with a 
corresponding reduction in govern- 
ment support of R&D at universities 
and small businesses. 

In Japan, industry has funded essen- 
tially all of the ferroelectric thin-film 
R&D to date, and this support has 
increased substantially in recent years. 
Japan's ferroelectric thin-film technol- 
ogy development work has received 
little direct support from the Japanese 

government, and there has been only 
limited Japanese university involve- 
ment in ferroelectric thin-film research, 
probably because of the high capital 
costs for semiconductor-processing 
equipment. 

Similar to the United States, there is 
a strong interest in ferroelectric thin- 
film research by large industrial com- 
panies in Japan. Japanese companies 
involved with NVM development 
include Rohm, Toshiba, Hitachi, 
Fujitsu, Matushita Electronics and 
Olympus Optical. Japanese DRAM 
developers include Mitsubishi 
Electric, NEC, Toshiba and Hitachi. 

With the considerable investment 
that will be required by both U.S. and 
Japanese industry to sustain the devel- 
opment of semiconductor memories 
and other ferroelectric thin-film 
devices, the future growth of this 
R&D will be contingent on steady 
technical progress toward commercial 
applications. Based on the rapidly 
increasing number of patents and the 
comments of Japanese questionnaire 
respondents, there appears to be con- 
siderable confidence that this progress 
will be achieved. 

NYMs in Next Decade 
The survey indicated Japanese confi- 
dence that semiconductor NVMs will 
be successfully developed within the 
next decade, and that development of 
other thin-film applications, such as 
microactuators, will follow thereafter. 
Many of the technical hurdles to 
commercialization of ferroelectric 
memories have been addressed, 
including deposition methods for high- 
quality thin films, interlayer and 
electrode materials, and integration onto 
semiconductors. However, a significant 
amount of development is required to 
assure success. 

A current issue with PZT-based 
NVMs is fatigue after numerous polar- 
ization reversal cycles,59 but recent 
reports indicate successful fabrication of 
PZT films that withstand up to 1013 

cycles, which is sufficient for most 
memory applications. 

An important development60 is the 
identification of bismuth-layer-struc- 
tured SrBUTajO, (SBT) as a ferroelec- 
tric thin-film material with fatigueless 
polarization reversal properties. 



However. SBT requires high deposi- 
tion temperatures (T > 750°C), which 
are incompatible with successful 
integration into high-capacity memo- 
ries. Development work to be con- 
ducted over the next few years will 
determine which ferroelectric material 
(PZT or SBT) will be successfully 
incorporated into commercial NVMs. 

Although the development of SBT 
increases the chances for successful 
NVM development, the ultimate result 
may be to diminish the amount of 
R&D devoted to solving associated 
integration issues and optimizing per- 
formance of PZT films, the thin-film 
material of choice for microactuators. 
However, there remains an obvious 
synergy between the development of 
semiconductor memories and the sub- 
sequent development of other semi- 
conductor-based ferroelectric thin-film 
applications. 

The primary technical issue to be 
addressed is the fabrication of rela- 
tively thick PZT films, so that suffi- 
ciently large piezoelectric strains can 
be exploited. Currently, there are no 
inexpensive thick-film fabrication 
methods available that provide the 
required quality, although this is an 
area of considerable ongoing R&D. 

Future Perspective 
This survey was conducted to obtain a 
future perspective of electronic 
ceramics R&D in the United States 
and Japan. Patent literature was 
reviewed and a survey of Japanese 
technologists was conducted. The 
following conclusions are offered: 

•Based on the patent review, there 
are substantial differences in the R&D 
structure of electronic ceramics 
between the United States and Japan. 
In the United States, much of the 
R&D is funded by the U.S. govern- 
ment and is focused on specific needs 
of the military. In Japan, electronic 
ceramics research is almost entirely 
supported by large industrial compa- 
nies and targeted toward specific prod- 
ucts. In the United States, universities, 
small businesses and government lab- 
oratories are active patenters of elec- 
tronic ceramics materials technology. 
In Japan, patents are assigned almost 
exclusively to industrial companies. 

•Enormous growth in applications of 
multilayer piezoelectric actuators and 

ultrasonic motors has not occurred 
because of difficulties in reducing 
manufacturing cost at high-volume 
production. Unless low-cost manufac- 
turing methods for piezoelectric 
ceramic devices can be developed, this 
market will be restricted to low-vol- 
ume, specialized applications. 

•Continued miniaturization of elec- 
tronic ceramic devices is expected as 
multilayer fabrication technologies 
continue to evolve. Ceramic packaging 
and semiconductor processing are 
expected to merge, with multifunction- 
aliry built into the ceramic package and 
into the semiconductor substrate. 

•Successful development of high- 
capacity (>4 Mbyte) semiconductor 
memories is expected within several 
years. The key technical issue is inte- 
gration of fabrication processes for the 
ferroelectric thin-film materials with 
semiconductor processing, because the 
relatively high processing tempera- 
tures (650CC) of ferroelectric films 
must not adversely affect underlying 
semiconductor circuitry. Current fer- 
roelectric NVM materials include PZT 
and SBT, each having its own devel- 
opment hurdles. The primary ferro- 
electric thin-film material for DRAMs 
is (Ba.Sr)TiO-,. For this application, 
near-term success is critical, so that 
the technology can be implemented 
before competing high-capacity 
DRAM designs are selected. 

•Successful commercialization of 
semiconductor memories is expected 
to be followed by the development 
and commercialization of ferroelectric 
films for microactuators and related 
microelectromechanical systems. The 
key development issue is the develop- 
ment of fabrication processes for rela- 
tively thick (>5 urn > ferroelectric films 
with high piezoelectric activity (e.g.. 
PZT) and semiconductor integration 
processes for these thick films. 

•Medicine and telecommunications 
are growth areas for electronic ceram- 
ics applications, especially in the 
United States. Piezoelectric ceramics 
will continue to be incorporated into 
diagnostic instruments and surgical 
tools, which can tolerate the relatively 
high costs associated with low-volume 
production of specialized piezoelectric 
ceramic components. Expansion of 
satellite broadcasting and personal 
communications will require new 
optoelectronic materials and devices, 

and new miniaturization/integration 
technologies for current microwave 
components. 

•There is a growing awareness of 
environmental and energy-related 
issues pertaining to electronic ceram- 
ics in Japan, but not necessarily in the 
United States. This may result in a 
shift in priorities for future Japanese 
R&D of electronic ceramics products. 
New environmental regulations may 
result in the limited use of current 
materials—e.g., lead-based relaxor 
dielectrics—and development of alter- 
native materials—e.g., lead-free 
piezoelectrics and lead-free solders. 
The development of environmentally 
friendly ceramic fabrication processes 
also is expected. An excellent review 
article61 describing materials engineer- 
ing concepts for a better global envi- 
ronment was recently published. 

•The development time for elec- 
tronic ceramics products is expected to 
become shorter, and the resources 
available for R&D are expected to be 
reduced. This will require substantial 
focusing of R&D resources toward 
specific product targets. An increased 
emphasis on marketing and market 
research will be required, so that lim- 
ited R&D resources can be matched to 
market needs. ■ 
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Piezoelectric Properties of PbflnNbJi^Os-PbTiOa Solid Solution Ceramics 

Edward F. ALBERTA and Amar S. BHALLA 

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802, USA 

Piezoelectric and electrical properties of ceramics in the iPb(InNb)i/j03-(l-x)PbTiOj 
[PIN:PT(x)] system are described. A high dielectric constant and remanent polarization were ob- 
tained for compositions near the morphotropic phase boundary. In this system, the morphotropic 
phase boundary is found to be located at the composition x = 62 mol% PIN. For this composition, 
the dielectric constant is 2100 at room temperature and increases to 23500 at it's transition tem- 
perature of 280 °C. The remanent polarization is approximately 35 /iC/cms and corresponds to a 
coercive field of 16 kV/cm. Finally, poled ceramics of the morphotropic phase boundary composition 
posses a d33 value of 395 pC/N, a d3i of -175 pC/N and a ksi of 30%. 

I. INTRODUCTION III. RESULTS 

Lead indium niobate, Pb(InNb)1/203 (PIN) has been 
shown to be a relaxor ferroelectric in which the degree of 
B-site cation ordering can be thermally controlled. Dis- 
ordered PIN has been found to have a pseudo-cubic per- 
ovskite structure. After thermal annealing, PIN orders 
into an antiferroelectric orthorhombic phase, isostruc- 
tural with PbZrC>3. It has been reported that a mor- 
photropic phase boundary exists in the solid solution sys- 
tem xPb(InNb)1/203-(l-i)PbTi03 [PIN:PT] near x = 
0.62 separating the pseudo-cubic and tetragonal phases 
[1,2]. This paper reports the dielectric and piezoelectric 
properties for PIN:PT compositions in the vicinity of the 
morphotropic phase boundary. 

II. EXPERIMENTAL PROCEDURES 

Ceramic samples of various PIN:PT compositions near 
the morphotropic phase boundary were sintered in closed 
AI2O3 crucibles for 3 hours at 1250 °C. The atmosphere 
within the crucible was maintained using 1^03 and PbO 
source powders. Sintered samples were then polished and 
sputtered-platinum electrodes were applied. 

The temperature dependence of the dielectric con- 
stant was measured using a computer controlled measure- 
ment system consisting of a multifrequency LCR meter 
(HP4274A. Hewlett Packard Co.), a desktop computer 
(HP9816) and a nitrogen-fed furnace (Delta Design Inc.). 

Dielectric hysteresis measurements were made using a 
modified Sawyer-Tower circuit. Simultaneous strain mea- 
surements were made using an LVDT and lock-in ampli- 
fier (SR860, Stanford Research Inc.). 

In preparation for the piezoelectric measurements, the 
samples were immersed in a silicone oil to prevent elec- 
trical breakdown and poled at 40 kV/cm for 10 min. The 
piezoelectric measurements were made with an HP 4194A 
impedance analyzer using the IEEE resonance method. 

The temperature dependence of the dielectric con- 
stant was determined for several compositions across the 
PIN:PT solid solution. Figure 1 shows the frequency de- 
pendence of the dielectric constant for the composition x 
= 0.62. The room temperature dielectric constant, mea- 
sured at 1 kHz, was found to be 2100. The transition 
temperature of 280 °C corresponds to a maximum dielec- 
tric constant of 23500. Figure 2 illustrates the presents of 
two maxima in the dielectric constant versus temperature 
measurements for poled samples. The lower temperature 
transition can be explained by the presence of a small 
curvature of the morphotropic phase boundary (Fig. 6). 
The morphotropic phase boundary composition (x = 62 
mol% PIN) is also clearly shown. 

The remanent polarization and coercive field for 
PIN:PT(62:38)  was found to be  34.5  pC/cm2   and 
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Fig. 1.   Variation of the dielectric constant and loss for 
PLN:PT(62.38) ceramics. 
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16 kV/cm, respectively. A summary of the hysteresis 
data for samples near the phase boundary is shown in 
Fig. 4. The addition of lead titanate increases the re- 
manent polarization from nearly zero for pure PIN to 
a maximum value of 34.5 pC/cm2 at the morphotropic 
phase boundary. In addition, the coercive field also in- 
creases with increasing lead titanate concentration. 

Ceramics in the PIN:PT system were found to be easily 
poled with a field of 40 kV/cm applied at room tempera- 
ture. After poling, the piezoelectric coefficient, djj, was 
measured using a Berlincourt dj3-meter. The optimum 
poling time was determined to be approximately 10 min- 
utes. The piezoelectric coefficient was found to reach a 
maximum value of 395 pC/N at the morphotropic phase 
boundary. The piezoelectric coupling coefficient, kss, fol- 
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efficient, dsa, and the piezoelectric coupling coefficient, kai, 
for PIN:PT ceramics. 

lowed a similar trend, reaching a maximum of 30%. 

IV. SUMMARY 

The PIN:PT solid solution has a morphotropic phase 
boundary at x = 0.62. The dielectric constant for this 
composition is 2100 at room temperature and increases 
to 23500 at it's transition temperature of 280 °C The 
remanent polarization is approximately 35 /iC/cm3 and 
corresponds to a coercive field of 16 kV/cm. The poled 
ceramic was found to have a ds3 value of 395 pC/N, a 
dsi of -175 pC/N and a k3i of 30%. 
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High Strain and Low Mechanical Quality Factor Piezoelectric 

Pb[(Sc./2Nb./l)o.575Tio.42s]03 Ceramics. 

Edward F. Alberta and Amar S. Bhalla 

Materials Research Laboratory, The Pennsylvania State University, University Park, PA. 

Abstract 

Piezoelectric properties of niobium doped Pb(ScNb)v*03 : PbTK)3 [PSN:PT] 

ceramics near the morphotropic phase boundary are investigated. The piezoelectric 

coupling factors kp * 82 %, k31 * 48 %, k33 * 77 %, and k» * 57 % are measured. In good 

samples, values of remanent polarization of 40.81 u.C/cm2 and the mechanical quality 

factor, Qm, less than 10 show the potential of the material for designing high sensitivity 

and wide bandwidth sensors and transducers. 

Introduction 

Lead scandium tantalate - lead titanate [PSTiPT] and isomorphous lead scandium 

niobate - lead titanate [PSN:PT] solid solutions possess morphotropic phase boundaries at 

compositions of PbRScsTanVfioTio.^Cb and Pb[(ScHNbH)o.57jTio.42j]03, respectively.1A3-4 

Yamashita5 and Adachi6 have shown that niobium-doped PSN:PT has electromechanical 

coupling and piezoelectric constants that rival those of PZT and may prove to be of 

enormous technological interest. They report coupling factors of kp = 69%, k< = 52% and 

k33 = 76% with a remanent polarization of 27 jiC/cm2 and room temperature dielectric 

constant of 2500. This paper reports the unusually low mechanical Q and high 

electrostrictive strain as well as further improvements in the electromechanical properties 

of PSN:PT ceramics.  These improvements in the ceramic PSN:PT will have impact in 



medical imaging devices and  other applications  requiring high coupling and  wide 
bandwidth. 

Experimental Procedures 

Niobium doped PSN:PT samples were prepared by the Columbite precursor 

method7. The precursor material was synthesized using Sc203 and Nb^O, to form 

stoichiometric ScNbO,. PbO and Nb2Os were then added to the ScNbO, and the mixture 

was vibratory milled for 24 hours. After drying, the powder was calcined for 2 hours at 

850°C. The calcined powder was then pressed and sintered at 1275°C followed by hot 
isostatic pressing at 1000°C. 

The electrical properties were measured on samples with sputtered platinum 

electrodes. P-E hysteresis loops were observed using a modified Sawyer-Tower circuit. 

The corresponding strain was measured using an LVDT and lock-in amplifier. Samples 

were then poled in a heated silicone oil bath. The optimum poling field of 30 kV/cm was 

used for 30 min at a temperature of 100°C. Samples were allowed to age for 24 hours 

before any piezoelectric or dielectric measurements were made The IEEE resonance 

method8 was followed for these measurements using an HP-4194A impedance analyzer. 

Results and Discussion 

Following the initial conventional sintering step, the ceramics were HIP'd to 

further enhance density. After the HIP'ing step the ceramics were almost translucent, 

having approximately 98% theoretical density and were single-phase perovskite. The 

room temperature dielectric constant of as-prepared samples was 2500 at 1 kHz and the 

dependence of the dielectric constant on temperature is shown in figure 1. The 

morphotropic phase boundary composition samples showed a transition temperature of 

254°C at which the corresponding maximum permittivity value was 30500. Atypical P-E 

hysteresis   loop  for  the  PSNT   ceramics   depicting   the   remanent   polarization   of 



40.81 uC/cm2, coercive field of 7.47 kV/cm, and maximum applied field of 88 kV/cm at 

room temperature is shown in figure 2. Electrostrictive strain measurements at room 

temperature showed the material's high tolerance for electric field. High 

electromechanical strain values of 0.6 % were measured at field levels of 90 kV/cm. 

The samples were poled and aged for 1 day after which the dielectric constant and 

electromechanical properties were measured again.   The dielectric constant increased to 

3100 and the typical d33 was on the order of 595 - 600 pC/N (using a Berlincourt d33 

meter.)  The guidelines of the IEEE for determining the piezoelectric constants by the 

resonance method were followed for obtaining the various piezoelectric coefficients listed 

in table 1. The electromechanical coupling coefficients, kp, k31, k33 and k, were on the 

order of 82 %, 48 %, 77 % and 57 %, respectively.    In addition to these attractive 

properties, the mechanical quality factor, Q», values were rather low. For the radial mode 

Qn, * 24 and for the thickness mode Qm < 10 were calculated from the experimental data. 

The low mechanical quality factor found in these materials provide an avenue to design 

large intrinsic-bandwidth transducers.    Thus, PSN:PT is an attractive and technically 

important material for designing high sensitivity (high coupling) high bandwidth (low Qn) 

transducers.   The electrostrictive strain, on the order of 0.6 % is a significant value in 

ceramics and is one of the largest reported in electroceramics. 
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Table 1. Measured dielectric and electromechanical properties of 

Pb[(Sc!4Nby,)o.575Tio.425]03 ceramics. 

Property: PSN:PT 

Density (g/cm3) 7.95 

Dielectric constant: 
at 25°C (unpoled) 2500 
at 25°C (poled) 3100 
atTc 30500 

Dielectric Loss: 
at 25°C (unpoled) 0.020 
at 25°C (poled) 0.017 
atTc 0.102 

Transition temperature (°C) 254 

Hysteresis: 
E„„ (kV/cm) 88.00 
Ec (kV/cm) 7.47 
Paux (uC/cm2) 50.10 
Pr (uC/cm2) 40.81 
W(%) 0.58 

Resonance: 
Nr (Hz m) 2014 
Nt(Hzm) 2114 
c 0.33 
su

E(xlO-12m2/N) 14.97 
d33 (pC/N) 595 
d31(pC/N) -310 
kp (%) 82 
ksi (%) 48 
k33 (%) 77 
k, (%) 57 
Qm (radial mode) 24 
Qm (thickness mode) <10 

Table 1. (Alberta and Bhalla, 1997) 
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Polarization responses in lead magnesium niobate based relaxor 
ferroelectrics 
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(Received 31 March 1997; accepted for publication 21 July 1997) 

Changes in the electrostrictive coefficients Qtj. especially the volumetric coefficient, with 
temperature and bias field provides important information regarding the nature of the polarization in 
lead magnesium niobate based relaxor ferroelectrics. We show that the polarization response at 
temperatures near the dielectric constant maximum is mainly through the polar-vector reorientation 
of the nanopolar regions, as suggested by the polar glass model. As the temperature is lowered 
through the freezing transition, the polarization response is governed by the phase switching and 
intrinsic contributions rather than by the domain wall morions found in normal ferroelectrics. 
© 1997 American Institute of Physics. [S0003-6951(97)02638-7] 

Relaxor ferroelectric materials have attracted a great 
deal of attention in the past several decades because of their 
technological importance and peculiar phase transition 
behavior.1- One classical system is PbCMg^Nb^Oj 
(PMN) and its solid solution with PbTi03 [(1 
—.r)PMN-.rPT. .r<0.3]. The materials are characterized by 
a broad dielectric maximum with a strong frequency disper- 
sion at temperatures just below the dielectric maximum Tm. 
Moreover, when cooled in zero field, the materials remain in 
the cubic phase macroscopically even at temperatures near 
zero Kelvin. Microscopically, the structure is divided into 
polar regions with a coherence length on the order of 10 nm. 
It has been observed that these nanopolar regions persist to 
temperatures far above 7",„. Many models have been pro- 
posed for this class of material. Among them, the super- 
paraeleccric model, the polar glass model, and the random 
field model have received the most attention.2'3 More re- 
cently, based on model calculation, it has been suggested that 
the dominant polarization mechanism at temperatures near 
T„ in PMN is through domain-wall-type motions rather than 
through polar region reorientation as suggested by the polar 
glass model.6 Although each of these models has merit, there 
exists no direct experimental evidence related to the basic 
polarization mechanisms and on the nature of the nanopolar 
regions, which are crucial to the understanding of relaxor 
behavior and to attest different models. 

In the absence of a poling field, the microstructure of 
PMN-based relaxors consists of nanopolar regions embedded 
in a nonpolar matrix.2 The polarization response of the ma- 
terial can arise from several different mechanisms: the polar- 
vector reorientation of the polar regions, as suggested by the 
superparaelectric model and the dipole glass model, the ex- 
pansion and shrinkage of these regions (breathing mode of 
the polar regions), and from an induced phase transformation 
between the cubic (paraelectric'i and rhombohedral (ferro- 
electric) phases. In addition, there are induced changes in 
polarization from the cubic and rhombohedral phases which 
are known as intrinsic contributions to the polarization. One 
of the interestin«! features related to PMN-based relaxor ma- 
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terials is that these polarization mechanisms are also fer- 
roelastic. Moreover, the polarization responses can be 
grouped into those generating a volume strain and those with 
zero volume strain. It is this difference in the volume change, 
thai will be used to probe the nature of the polarization and 
its dynamics in PMN-based relaxors.7 

Because of symmetry of the ceramic, the polar vectors of 
nanopolar regions are distributed randomly in all possible 
directions. Hence, the breathing mode motions of polar re- 
gions with opposite polar directions resemble the 180°-type- 
domain-wall motion in regular ferroelectric, while those with 
polar directions other than 180° resemble non-180°-type- 
wail motions. For the sake of simplicity, the polar region 
morions of these types are termed as quasidomain-wall mo- 
tions. Regarding uncompensated breathing mode motions of 
polar regions, they involve phase transformation of the polar 
regions and are therefore included in the category of phase 
switching. Obviously, neither the polar vector reorientation 
nor the quasidomain-wall motion generates volume strain. 
On the other hand, the polarization changes arising from the 
phase switching and the intrinsic contributions are accompa- 
nied by a volume strain. 

PMN and 0.9PMN-0.1PT were chosen for investigation. 
The dielectric maximum Tm is - 10 °C for PMN and 38 °C 
for 0.9PMN-0.1PT (at 1 kHz). The use of two compositions 
instead of one ensures the reliability of the results. Ceramic 
samples were prepared following the procedures described in 
Ref. 8. Typical sample size is about 0.5X0.5x0.5 cm3. The 
strains Sx and S3, the trans%'erse and longitudinal strains, 
respectively, were measured using both the strain gauge 
method and the laser dilatometer method. In the strain gauge 
method. 5, and S3 were measured simultaneously by attach- 
ing two strain gauges on faces parallel and perpendicular to 
the applied electric field direction. The signal output from 
the strain gauge amplifier was detected using both a lock-in 
amplifier and a digital oscilloscope. In the laser dilatometer 
method. 5| and S3 were acquired separately and the results 
are consistent with the strain gauge technique.9 The polariza- 
tion P3 was obtained with a Sawyer-Tower circuit in which 
the output signal was monitored with a lock-in amplifier and 
a digital oscilloscope. Polarization measurements were car- 
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ried out concurrently with the strain measurement. In the 
field range used, the difference between the data obtained 
from the lock-in amplifier and those from the digital oscillo- 
scope is within the data scatter (about ±5%). The amplitude 
of applied AC voltage is about 200 V/cm with a frequency of 
10 Hz. Experiments were carried out durins both cooling and 
heating cycles, and except for 0.9PMN-0.1PT data below 
15 °C. which is strongly affected by the freezing transition of 
the material, there are no significant differences between the 
data in the two temperature directions. 

Presented in Fig. 1 are the electrostrictive coefficients 
Gil and ß,2 for PMN and 0.9PMN-0.1PT as function, of 
temperature, where ß„ and fiP are defined as 

1650 Appl. Phys. Lett.. Vol. 71. No. 12. 22 September 1997 

—    0.03 tu 

^  0.025 

°    0.02 

O- 0.015 

.?..      -<.'-'"Q 

-= 0.01 
w   0.005 

0 

.••*..            -Q,, 

0.025 

0.02 -     0»                           ..•'     : 
■* 

■ 

jJ   0.015 t 

"~_   0.01 
CK 

0.005 

m     fl    3 

« 

ol -              . 
-50 0 50        100       150       200 

Temp (°C) 

FIG. 2. By shifting the temperature; of PMN up 48 "C ito account for the 
difference in Tm between PMN and 0 9P.MN-0 IPT). the data of PMN 
(open circles, overlap with those of 0.9PMN-0 IPT (crosses). Data show 
that as temperature increases. Ql: increases while Qr decreases 

Sy=QnP\    and S, = ß,,/>:. (1) 

For PMN. between -45 SC and 125 <C. the measured Ql} 

values do not change with the applied field amplitude While 
for 0.9PMN-0.1PT, the data ar temperatures above 10 °C 
depend only weakly on the field amplitude and below that 
temperature, the data exhibit a strong dependence on the 
field amplitude. The change in the field dependence  in 
0.9PMN-0.1PT is related to the freezing temperature Tf be- 
low which the polarization hysteresis loop exhibits substan- 
tial remnant polarization and the polarization-field relation- 
ship is strongly hysteretic. For 0.9PMN-0.1PT, Tf is about 
10 °C while for PMN, it lies near -70 °C. well below the 
experimental temperature.3-10 By combining Qu and £,,, 
the   volumetric  electrostrictive  coefficient  Qh   {Qh = Q^ 
+ 2Ql2) can be obtained as presented in Fig. 1. 

One of the salient features of Fig. 1 is that the electros- 
trictive coefficients Q0 change with temperature for both 
PMN and 0.9PMN-0.1PT. Moreover, compared with Qu 

and Qr_. the relative change of Qh with temperature is quite 
substantial.^   For    0.9PMN-0.1PT.    it    increases    from 
0.002 m /C- at - 10 °C to about 0.013 m4/C3 at 120 °C. And 
for PMN. it increases from 0.004 m*/C: at -45 °C to about 
0.023 mVC: at 120 °C. If we shift the temperature scale for 
PMN upwards by 48 °C. it overlaps nicely with that of 
0.9PMN-0.1PT. Hence, when adjusted for the difference in 
Tf, the results from the two systems are quite consistent 
with each other (Fig. 2). As pointed out earlier. Qh measures 
the volume strain generated per unit polarization. The data 
presented in Fig. 2 reveal that compared with the polariza- 
tion mechanisms at higher temperatures, the polarization re- 
sponse at low temperatures (near and below Tm) involves 
very little volumetric strain. In other words, the polarization 
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response is from either the quasidomain-wall-type motion or 
polar-vector reorientation or both. 

Another interesting feature from Figs. I and 2 is that at 
high temperatures, the increase of Qh is due to both the 
increase of Qu and the decrease of |2!2| with temperature. 
From the available lattice constant data on the cubic and 
rhombohedral phases of PMN, it can be shown that for the 
phase     transformation     from     the     cubic     to     the 
rhombohedral,10"12 both Qu and Qi2 in single crystals are 
positive where Qu is measured along the [111] direction of 
the unit cell, which is the direction of the spontaneous polar- 
ization and Q|2 is related to the strain in the plane perpen- 
dicular to the spontaneous polarization. Averaging over all 
the directions yields a near zero Qn for a PMN ceramic 
sample,13 which is consistent with the experimental data in 
which at 120 °C, ßn/|ß,2| of PMN is above 7. On the other 
hand, for the polar-vector reorientation or the quasi-non- 
180°-domain-wall-motion. gI2 should be equal to —Qu/2, 
as observed at temperatures near T„. The decrease of |QP| 
with temperature in the ceramic samples and a large ratio of 
Qii/lQi;! at high temperatures are clear indications that at 
high temperatures, the contribution to the polarization re- 
sponse from the phase switching becomes increasingly im- 
portant. It should be pointed out that the experimental tem- 
perature here is still far below the temperature where the 
nanopolar regions disappear, which for PMN  is  above 
300 °C. and at that temperature, the polarization response 
should be from the intrinsic.2 

Hence, in PMN and 0.9P.\rN-0.1PT, the experimental 
results establish that in the experimental temperature range 
there exist at least two types or* polarization processes: phase 
switching which involves volume strain P.. and 
quasidomain-type motion or polar-vector reorientation Pd 

which does not involve volume strain. It is apparent that the 
measured Q" is related to Q]r. which is from Pv, through 

Cm-QTr " (2) 

where we assume that the total polarization is PL. + Pd. Ob- 
viously, from the data in Fig. 2. Qj'> 0.023 m4/C2. which 
indicates that at near and below Tm. more than 909c of the 
polarization response is from either the quasidomain-wall- 
type or polarization reorientation which does not involve 
volume strain, while at higher temperatures, there is a sub- 
stantial increase in Pu with respect to Pd. 

In order to determine whether the quasidomain-wall-type 
motion or the polar-vector reorientation is responsible for the 
polarization response at temperatures near Tm, we note that 
there is a fundamental difference between the polarization 
due to the quasidomain-wall motions and the polarization 
due to the polar-vector reorientation. That is. for the 
quasidomain-wall-type motions of the nanopolar regions, un- 
der an external poling field, the system becomes no longer 
isotropic and part of the polar region motions will be con- 
verted from the qausidomain-wall-type to the phase switch- 
ing which will produce volume change, while for polar- 
vector reorientation, there will still be no volume strain 
under external bias fields. 
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FIG. 3. The effect of DC bias field on the volumetric electrostrictive coef- 
ficient 2, for 0.9PMN-0.1PT. Open circles are Qh measured without bias 
field, pluses are under 800 V/cm. and crosses are under 3 kV/cm DC bias 
field. The large increase of QA with DC bias field at low temperatures 
indicates the polarization response is through the phase switching and in- 
trinsic processes. 

The influence of the DC electrical bias field on Qh was 
investigated and the data presented in Fig. 3 show that for 
0.9PMN-0.1FT at temperatures above 20 °C. Qh does not 
exhibit significant changes with DC bias fields. The results 
presented here, hence, support the notion that at the tempera- 
tures near Tm the polarization response from the nanopolar 
region is through the polar-vector reorientation. On the other 
hand, at temperatures near and below Tf, a large increase of 
Qh was observed for a bias field of higher than 800 V/cm. 
indicating that the major contribution to the polarization re- 
sponse is due to the phase switching and intrinsic contribu- 
tions, rather than the domain wall motions or the polar vector 
reorientation. This is quite different from the behavior at 
temperatures near Tm. The experimental data, therefore, also 
establish a direct evidence of a polarization freezing process, 
i.e.. as the system goes through the freezing transition, the 
polarization response of the nanopolar regions evolves from 
the polar-vector reorientation to the phase switching. 

The authors wish to thank Professor L. E. Cross and 
Professor R. Newnham for stimulating discussions. 
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Effect of nanopolar regions on 
electrostrictive coefficients of a relaxor 

ferroelectric 

A. E. Glazounov, J. Zhao, and Q. M. Zhang 

Materials Research Laboratory, The Pennsylvania State University1, University Park, PA 16802 

Abstract. Volumetric electrostrictive coefficient, Qh, of PbMg1/3Nb2/303 (PMN) 
relaxor ferroelectric is investigated using a high-resolution neutron powder düfrac- 
tion and a conventional strain measurement. Using the results of these experiments 
we: (1) derive the value of Qh of prototype cubic lattice of PMN, which is equal to 
Qh = (8.3 = 1.0) x 10_: (m4/C2); (2) fine the temperature dependence of the volume 
fraction, Sv, of the polar regions in the material, and estimate that at temperatures 
around the dielectric permittivity maximum. Tma-. it is equal to Sv « %%: (3) es- 
timate the magnitude of the contribution of the crystal lattice to the polarization 
response of PMN at temperatures around and below I"™-. These results are essential 
for the understanding of the nature of the polarization and strain response of relaxor 
ferroelectrics. 

INTRODUCTION 

la this paper, we investigate electrostrictive coefficients of a "classical" relaxor 
ferroelectric, complexperovskite PbMg1/3Xb2/303 (PMN). The motivation is to un- 
derstand the relationship between the microstructural feature of PMN. namely the 
partitioning of the structure into the small regions of local spontaneous polarization 
with a nanometer scale size, and the electrostrictive response of this material. The 
key results of this study are summarized in the abstract and provide a new insight 
into the physics of relaxor ferroelectrics. Particularly, the evidence derived from 
this study, such as the temperature variation of the volume fraction of the polar 
regions and the estimate for the relative contribution of the crystal lattice to the 
total polarization induced in the material, is very important for the understanding 
of the nature of the polarization response of reiaxors. The latter still remains one 
of the open problems of the contemporary physics of ferroelectrics and challenges 
both experimentalists and theorists. 

l) This work was supported by the Office of Naval Research. The authors also wish to thank 
Dr.B.Toby and National Institute of Standards and Technology (NIST) for the help in experiment 
with neutron diffraction. 

Proceedings Williamsburg Mtg., Williamsburg,  VA (1998). 



Electrostriction in a double-phase mixture 

Contemporary models of relaxors consider them as structurally inhomogeneous 
materials consisting of small polar regions of nanometer scale size which are ran- 
domly distributed in a nonpolar matrix. In PMN, the polar regions apoear at high 
temperatures, around Td =600 K. far above the temperature of the dielectric per- 
mittivity maximum. Tmcr, which is located around 270 K, and persist down to 0 K 
[1-3]. They are elongated along the direction of the local spontaneous polarization, 
Ps, (the shape which minimizes the effect of the depolarizing field) which can be 
oriented in one of eight (111) pseudocubic directions allowed by the rhombohedral 
symmetry of the polar phase [3]. The presence of the polar regions results in that 
the material response (both electric and elastic) to the applied electric field can orig- 
inate from different mechanisms: (a) thermally activated reorientation of vector P$ 

in the polar regions [2.4-7], (b) expansion and shrinkage of the regions (similar to 
the domain wall motion in ordinary ferroelectrics) [8-10], and (c) induced phase 
transformation between nonpolar and polar phases [11].   It is also possible that 
several mechanisms coexist, and that different mechanisms dominate in different 
temperature intervals [11]. In addition, one should also take into account a change 
m the polarization and strain due to the response of the (d) crystal lattice, both 
in polar and nonpolar phases, which is always present and is usu'allv referred to as 
an intrinsic contribution. Taking into account the above picture of the response 
or the double-phase mixture "polar regions / nonpolar matrix", the exoerimentally 
measured components polarization and strain can be written as: 

£->'*        ' ~'J     —    Z- ~:j:      ' (1) 

wnere Px ° and 5,-/ are the contributions to the polarization and strain from dif- 
ferent mechanisms, (a)-(d), which are averaeed* over the crvstal. Using Eq (1) 
and the definition of the electrostriction. S.:i = Qklij PK Ph the electrostrictive coef- 
ficients, Qkuj, of a reiaxor can be written using the matrix notations as: 

c.            v*   c(o) 
Qij        P2   =  7 f~F^ • (2) 

This equation shows that coefficients Q{j derived from strain measurements, which 
are performed with a reference to the structurally inhomogeneous state, are actually 
some ^apparent" values. Qij = Q-?p, which must depend upon the prooerties of 
ensemble of the polar regions, such as their population in the crystal, average size, 
etc.. 

Is it possible to separate contributions to the electrostrictive strain of reiaxor 
from different polarization mechanisms? One possible solution of this problem 
has been proposed by Cross [2]. He studied another reiaxor, tungsten bronze 
(Sro.sBao.ONboOe (SBN). which has a tetragonal structure, and demonstrated that 



a large qualitative difference observed in the behavior of electrostrictive coefficients 
033 (which was measured using electric field applied along the 4-fold axis in the 
crystal), and Qu (for the field applied perpendicular to it), could be related to the 
presence of the polar regions, which local spontaneous polarization, Ps. was along 
the 4-fold axis. In the present study, we will use another approach in order to 
separate the contributions to Q:J- from different mechanisms. 

Approach of this study 

The approach of the present study is to choose PMN as a model material and 
compare its electrostrictive coefficients derived from two experiments. The objec- 
tive of one experiment is to determine the values Q-ti of prototype cubic lattice of 
PMN. In order to do that, one should eliminate from the material the inhomogene- 
ity related to the presence of the double-phase mixture: "polar regions / nonpolar 
matrix" [12]. We will do that by measuring the change in the lattice constants re- 
lated to the structural phase transition into the ferroelectric state induced in PMN 
during cooling under dc electric field (FC) at temperatures below Tf = 220* K, 
[13.14]. In this method, two measurements must be performed, where :he lattice 
parameters of PMN are measured in the FC and zero-field coolins ZFC regimes. 
However, it should be stressed that because of the existence of the solar regions 
which introduce an additional strain in the cubic lattice of PMN [2.151 one cannot 
use as a reference the lattice parameters measured directly in the ZFC experiment 
at temperatures below Td =600 K. Therefore, in order 'to determine tie lattice 
parameters of the prototype cubic phase at temperatures below 600 K. one should 
adopt the approach employed in Refs. [1.2]. Namely, at T < 600 K the parameters 
of^the prototype cubic phase can be found from the extrapolation of the experimen- 
tally measured lattice constants at temperatures above 600 K. which should change 
linearly according to the normal thermal expansion of the lattice. The compari- 
son of the lattice parameters of rhombohedral ferroelectric state [14.161 with the 
extrapolated values of the cubic lattice thus will give us the electrostrictive strain 
related with the structural phase transition. 

The second experiment will be a conventional measurement of the electrostrictive 
strain induced in PMN by small ac fields at temperatures below 600 K. in order 
to characterize the response of the double-phase mixture: "polar regions /nonpolar 
marrix". 

In the present paper, we will focus on studying the volumetric electrostrictive 
coemcient, Qh = Qn -2Q12, of PMN ceramics. We choose Qh because even 
tnough ceramics is the poly crystalline body, the volumetric electrostrictive coeffi- 
cient remains the same as in the single crystals [17]. Therefore, even though in 
tne experiments we are dealing with ceramics, by measuring Qk we get the direct 
information about the properties of PMN single crystals. 



EXPERIMENTAL AND RESULTS 

Electrostrictive coefficient Qh of prototype cubic phase of PMN 

In this experiment, the lattice parameters of PMN were investigated over a wide 
temperature interval, from 100 K to 1050 K using a high-resolution neutron powder 
diffraction. The low temperatures were required to study the ferroelectric state in- 
duced in PMN during FC below T} = 220 K [13,14], whereas the high temperature 
interval (600 K-1050 K) was important to obtain reliable data on the prototype 
cubic phase to be extrapolated to low temperatures. The choice of neutron dim-ac- 
tion relied on the fact that neutrons have a larger penetration depth compared to 
conventional X-rays; thus allowing us to study the bulk properties of the material 
High-resolution data were required in order to detect the phase transformation with 
a very small lattice distortion in the rhombohedral ferroelectric phase of PMN from 
the prototype cubic phase, (90° - arh) < 0.1°, [19].  The neutron powder diffrac- 
tion data were collected using the BT-1 high resolution diffractometer at the NIST 
Center for Neutron Research reactor, NBSR. and the details of the experiment are 
described in Ref. [121. 

^Experiment was first conducted in the ZFC regime where the diffraction patterns 
of PMN were recorded at several temperatures from 1050 K to 100 K. Afterwards, 
the dc field E = 5 kV/cm was applied to the same sample at 300 K. and the 
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FIGURE 1. Temperature dependence of the volume of the unit eel! of PMN measured in ZFC 
(plus signs, and the dotted line drawn through them in order to guide the eye) and FC (open 

circles) regimes. The linear dependence of the unit cell volume on temperature corresnonds to the 
normal thermal expansion of prototype cubic lattice of PMN (solid line). During the FC regime, 
PMN is in the ferroelectric state with a rhombohedral structure at T < 220 K (open circles). AV" 

denotes the volume change in the crystal lattice during the phase transition to the ferroelectric 
state. Td is the temperature at which polar regions appear in PMN upon cooling. 



sample was cooled down (FC regime). In this regime the diffraction patterns were 
recorded at several temperatures below Tf = 220 K. where the field induced phase 
transition was expected in PMN for the electric field larger than the threshold field 
Eth = 1.7 kV/cm, [13]. 

The results of both ZFC and FC measurements were in a good agreement with 
similar experiments performed by other research groups. For ZFC. the crystal 
lattice of PMN is cubic in the whole studied temperature interval [3.15]. whereas 
for FC using E = 5 kV/cm the crystal structure is rhombohedral at temperatures 
below 220 K [16,19]. In both cases, unit cell parameters, ac (for cubic), and arh and 
arn (for rhombohedral), were determined using the structural refinement procedure 

^ Figure 1 presents the temperature dependence of the volume of the unit cell, 
V". of PMN for both ZFC and FC experiments; and also illustrates the approach 
which we used to calculate the volume strain of the crystal lattice related with the 
phase transition. In the plot, open circles show the volume Vrh of the unit cell 
of rhombohedral crystal lattice corresponding: to the ferroelectric state induced in 
PMN at T < 220 K by the dc field E = 5 kV/cm. Pluses and dotted line connecting 
them correspond to the ZFC regime, VZ*C{T). with the cubic structure. Taking 
into account that no polar regions exist in the material above Td - 600 K. the linear 
variation of VZFC in the high-temperature interval is the normal thermal expansion 
of the prototype cubic lattice of PMN, [V=[T) - Ve(Td)] cc ßv ■ (T - Tdj, where 
3v is the volumetric thermal expansion coefficient and Vc is the volume of the unit 
ceil of the prototype cubic lattice. Below 600 Kr V

ZFC(T) deviates from the linear 
dependence due to the appearance of polar regions in PMN, which introduce an 
additional strain in host cubic lattice equal to Qh{P;), where J{pjj is the root 
mean squared local spontaneous polarization [1.21. 

In order to find Qh from the data in Fig. 1. the volumetric strain related to the 
structural phase transformation was calculated as AV/VC, where AV = Vrk — Vc 

Fig. 1. Below 220 K. the volume Vc of the prototype cubic lattice was found by the 
extrapolation of the hkh-temperature linear dependence down to low temperatures, 
as shown in Fig. 1 with the solid line. Afterwards, the volumetric electrostrictive 
coefEcient was determined from the equation: Qh = l/Pj ■ [Vrh - Vc]/V:. where P 
is the macroscopic spontaneous polarization, which was evaluated from saturated 
polarization hysteresis loops measured on PMN" single crystal samples along (111) 
direction using the ac field of 30 kV/cm amplitude Tl2]. 

TABLE 1. Volumetric elec;rostricrive coefEcient Qh 

of prototype cubic lattice of PM>" reiaxor calculated 
from the results of the structural study of PMN using 
high-resolution neutron powder diffraction. 

TiK)      100 170 220 
QH 'IP-2 mVC2)    8.2 ± 1.0     3.1 = 1.0     8.5 ±1.0 
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FIGURE 2. Temperature dependence of volumetric electrostrictive coefficient Qk of PMN 
measured in ZFC (open circles) and FC under the dc bias Eb = 3 kV/cm (plus ««) regimes 
The step-like change in Qh at low temperatures coincides ^ith the structural phase transition 
from mixed to normal ferroelectric state, which is induced in PMN bv large dc bias Therefore 
large values of Qh below ;he step correspond to the electrostrictive strain of the crvstal lattice 
oniy. The experimental uncertainty of the evaluation of Qh is about 0.2 x 10": (m4 C:). 

_The Qh data are summarized in Table I. From that table, it can be «een that 
witnm the error of experiment, the electrostrictive coefficient remains teanerature 
incependent in the studied temperature interval of more than 100 K This result 
is m agreement with the conventional wisdom that the electrostrictive coefficients 
coupling electric and elastic properties of the crvstal lattice should be "proper" 
material constants, i.e.. should be temperature independent [2]. 

Electrostrictive coefficient Qh of mixed state of PMN 

_ The electrostrictive coefficient, Qhl of PMN in its mixed state, -polar re- 
gions /nonpolar matnx\ was derived from the following experiment .-ill Small 
ac neld of amplitude Em = 0.2 kV/cm and frequency 10 Hz was appüed to the 
sample, and the induced polarization, Pu and longitudinal, Su and transverse 52 

strains were measured simultaneously. The Px was measured using a Sawver-Tower 
circuit, in which the output signal was detected with a SR830 lock-in amoliner and 
ii and 52 were measured using the strain gauge technique, where the sienal output 
irom the strain gauge was measured with two other SR 830 lock-in amplifiers Then 
the volumetric electrostrictive coefficient was found from: Qk = $n -s-2$P> where 
Vii - V*T and $1= = S2/P? are the longitudinal and transverse electrostrictive 
coefficients of ceramics, respectively. These measurements were performed within 
the temperature interval from 200 K to 400 K. where the high temperature limit 
was caused by the increase in the electric conduction of the material at high tern- 



peratures, which made the strain measurements very difficult. In addition, the 
same coefficient was measured in the FC regime, where the small ac probm* field, 
Em = 0.2 kV/cm, was superimposed on large dc bias, Eb = 3 kV/cm. 

Figure 2 summarizes the results of these experiments by plotting Qh as a function 
of temperature. Several features can be noticed in this plot. First, the electrostric- 
tive coefficient of the mixed phase of PMN shows strong temperature dependence, 
it changes approximately by 10 times within the studied temperature interval. Sec- 
ond, at temperatures around Tmax « 270 K, the value of Qh corresponding to the 
mixed state is about 10 times smaller than the value derived from the neutron 
difrraction study, cf.  Table 1.   Third, when the large dc field is applied to the 
sample, Qh undergoes the step-like change at temperatures around 230 K. The 
position of this step coincides with the temperature of structural phase transition 
from mixed to normal ferroelectric state, which is induced in PMN by the electric 
field larger than the threshold field, Eth, [13].   Thus, the dc bias "removes" the 
inhomogeneity related with "polar regions / nonpolar matrix", and Qh measured at 
temperatures below the step corresponds to the eiectrostrictive strain of the crystal 
lattice only. This conclusion is supported by the fact that under the dc bias" the 
eiectrostrictive coefficient is temperature-independent at low-temperatures. Fig.2, 
and has a value Qh = (6.0 = 0.2) x 10"2 (m4/C2) which is very close to the average 
value Qh = (8.3 = 1.0) x 10"2 (m4/C2) derived from the neutron diffraction study 
of PMN, Table 1. 

DISCUSSION 

The plot in Fig.3 combines all the data obtained in the present work. It clearly 
demonstrates that the ^temperature dependence of the eiectrostrictive coefficient 
Qh., which was derived from strain measurements performed with a reference to the 
structurally inhomogeneous state (plus signs in Fig.3), most likely is related with 
the change in the properties of the ensemble of the polar regions in the temperature 
interval below 600 K. Above Td = 600 K. no polar regions exist in the material, 
thus eiectrostrictive strain is only due to the distortion of the prototype cubic 
lattice of PMN, which is characterized by the eiectrostrictive coefficient ~Q'h

at. The 
neutron diffraction data (closed circles in Fig.3) suggest that Ql

h
at is temperature 

independent and is equal to Q'f = (8.3 ± l.oj x 10"2 (m4/C2), Table 1. When the 
polar regions appear in the material below 600 K. they, first, introduce an additional 
volumetric strain in the host cubic lattice, which is equal to Ql

h
at (P2) [2.15], and, 

second, bring "new" mechanisms of the polarization and strain response to the 
electric field, such as polar vector reorientation, (a), or expansion and shrinkage 
of the polar regions, (b). Therefore, the eiectrostrictive coefficient derived from 
the strain measurement will be now just an "apparent" parameter, Q'f*, which 
must depend upon the properties of ensemble of the polar regions, such as their 
population in the crystal, average size, etc.. 

The relationship between the eiectrostrictive coefficients Q'h
at and Q?pp can be 
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FIGURE 3. The plot combines all the data obtained in the present work, and shows the volu- 

metric electrostrictive coefncient of prototype cubic lattice of PMN, Q'h
ot, (closed circles), and Qapp 

which describes the electrostrictive strain in the double-phase mixture, "polar regions/nonpolar 

mat-be', (plus signs). When the structural inhomog-neity is removed by large dc bias field, which 
induces the normal ferroelectric state in PMN" at low temperatures, the measured values of Qapp 

tend toward Q'h
at, as shown with open circles in the plot. Therefore, the temperature dependence 

of the electrostrictive ccencient which is derived from strain measurements performed with a 

reference to the structurally ^homogeneous state is related with the change in the properties of 

ensemble of the polar regions, which appear in the material at temperatures below ~d « 600 K 
(shown with an arrow). 

obtained from the comparison of the three states of PMN: (i) prototype cubic, (ii) 
mixed, consisting of "polar regions /nonpolar matrix", and (Hi) completely polar- 
ized state. The latter can be obtained in the limit of very high electric ne'ld. Em 

applied to the sample, so that the whole volume of the crystal will have a homoge- 
neous polarization. Pt. along [111] crystal axis (it is reasonable to expect that the 
symmetry of this state is the same as of the polar regions, i.e., rhombonecral), [20]. 
Therefore, one can write: 

_   5(^0   _   Q? PJ - Q'« (/») 
PJ PJ (3) 

where Q'^(Pj) is the strain introduced into the cubic lattice due to the aoDearance 
of the polar regions in the mixed state, Ql£(Pj is the electrostrictive strain of com- 
pletely polarized state, and both strains are defined with respect to the prototype 
cubic lattice. Equation (3) directly leads to the following expression: 

or = Q tat 1  - (PI) 
P} (4) 

which relates both electrostrictive coefficients shown in Fig.3. 
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FIGURE 4. Temperature dependence of the volume fraction of the polar regions, Sv, in PMN. 
Closed circles correspond to the experimental data and the dotted line shows a possible extrap- 
olation of 6v(T) toward high temperatures, where the polar regions appear at Td s: 500 K. Also 
shown are the temperature of the dielectric permittivity maximum, Tmox, corresponding to the 
radio-frequency interval. Hz-MHz, and the freezing temperature, Tj = 220 K. 

In^Eq.(4), \J{P-) is :he root mean squared local spontaneous polarization of 
PMN. Taking into account that at a given temperature, the absolute value of 
tie local spontaneous polarization of the polar regions most likely is equal to the 
macroscopic polarization. P„ in the homogeneously polarized state at £„. one can 
write: (Pj2) = Sv ■ Pj. where Sv is the volume fraction of the polar resions in the 
crystal. Therefore, the expression in the brackets in Eq.(4) is equal toff i -Sv]. 

Based on the above argument, from the data shown in Fig.3. we can find the 
volume fraction of the polar regions in PMN using: Sv = 1 - [ Q£?p/'0'-st 1. The 
obtained temperature dependence of Sv is plotted in Fig.4. As one can see. within 
the temperature interval investigated, Sv first increases upon cooling from 400 K to 
250 K. and then saturates around the freezing temperature Tj = 220 K ,'211. It is 
this increase in the volume fraction of the polar regions in the material which causes 
the decrease in the electrostrictive coefficient, Q??p, of PMN at temperatures below 
r~. Fig.3. Also, it is worth noting that the data shown in Fig.4 brings new evidence 
aoout the absolute values of the volume fraction of the polar regions in PMN. So 
far. the only estimate which was used in the literature, especially in the works 
cevoted to the theoretical description and modeling of the polarization response of 
reiaxors, was that reported by Mathan ei al. ;3]. From the profile anaivsi's of the 
X-ray diffraction data for PMN recorded at 5 K. Mathan et al. obtained that Sv is 
approximately equal to 20%. Clearly, this estimate is very different from the data 
obtained in the present study. As one can see from the plot in Fig.4, below the 
freezing temperature the volume fraction of the polar regions is close to unity, and 
at temperatures around Tmax it is equal to Sv s= 90%. 



Furthermore the above picture of the temperature evolution of Sv can be cor- 
related with the results of the quasielastic neutron scattering studv of PVIN by 
\akhrushev et al. [22]. That study showed that the correlation length of ihe po- 
larization fluctuations monotonically increased upon cooling, and a^emoeratures 
around T, = 220 R it reached the saturation value equal to 20 nm. The saturation 
of the correlation length actually implied the stabilization of the average size of 
the polar regions. Similar behavior can be seen in Fig.4 for SV(T) whe% it first 
increases upon cooling and then saturates at temperatures around T, = 9o0 K 

If only small electric field is applied to the sample, the total polarization and 
strain response of the material originates from different mechanisms, which were 
discussed in the Introduction. For the volumetric strain, we can divide these mech- 
anisms into those which contribute to the volume change of the crvstal [crystal 
lattice response, (d) and phase switching, (c) J, and those which d'o not involve 
the volume change [domain wall motion, (b), or reorientation of the polar regions 
(a) .. It is apparent that if these two groups of mechanisms coexist, one can write 
trie IOMowing expression. [Ill: 

Qr-[PV + Pd?  =  O^.P;, (5) 

wnere Pu Is the polarization coming from mechanisms involving the volume change 
anc P^ is the induced polarization which does not orocuce the "volume strain Fro=m 
he.;OK one can obtain that the relative contribution from the crvstal lattice. Pv 

to -he total induced polarization, Pv - Pd. js «riven bv JQ^Q^ Usin» this 
expression and the data shown in Fig.3. one can estimate'that at ie=nera=tures 
abound 1 »s 2,0 K. the contribution from the crystal lattice is about 30% of 
tne total polarization induced in PMN. 

CONCLUSIONS 
In 

n p\rvPre?e U'°-K- ;v\mvestlSatea ^e volumetric electrostrictive coefficient, 
*J:-.. PMN relaxor using a high-resolution neutron powder diffraction and a con- 
ventional strain measurements. Using the results of these experiments we- (1) 
derive the value of Qh of prototype cubic lattice of PMN which is eoual to 
QK = (8.3±1.0) xlO-'|mV(?); (2) find the temperature depended!?ofthe^hme 
traction, 5V of the polar regions in the material, and estimate that at tempera- 
tures around the dielectric permittivity maximum. Tma=, it is equal to Sv a 90%- 
(3 - estimate the magnitude of the crystal lattice contribution to the polarization 
response of PMN at temperatures around and be'ow T 
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The eiectrostricrive coefficients of protorypc cubic phase of PbMg^Nb^O, are studied usin* a 
high-resoluuon neutron powder diffraction experiment. The kev idea of'the approach is=to 

eliminate rrom the matenal the inhoraogeneiry related to the presence of the double-phase 
mixture "polar regions/nonpolar matrix." and to study wo structurally homogeneous states- 
protorype ruble at temperatures above 600 K and rhombohedral ferroelectric at temperatures below 
~0 k. The obiained value of volumetric  eieerrostrictive coefficient. C?*=(.8 3-l 0) - 10": 

^?SU '" C0DSiStent Wlth thOSC °f 0thcr Pcrovsklle faroeleorics with a prototype cubic phase 
W 1WS American Institute of Physics. [50003-5951(98)03409-3] 

In the past two decades, the eiectrostricrive properties of 
reiaxor ferroelectrics have been intensively studied due to 
their promising appiications in electromechanical actuators.' 
These materials have been found to be very attractive for 
such applications as they exhibit large strain S under apniied 
electric field £ with almost no electromechanical hysteresis.1 

and the sensitivity of strain response, öS I HE. can be tuned by 
the electric field.- In this context, many studies have been 
devoted to the characterizanon of the eieerrostrictive coeffi- 
cients Qkli; of these materials, which arc defined by' 

StrQui; P< Pi- ''!) 

where Pk, P, and 5;. arc die components of induced polar- 
ization and strain, respectively. Since most relaxors are 3er- 
ovskitcs and have a prototype cubic structure, oniv three* in- 
dependent coefficients. Qn. Q,, and QM <in the matrix 
notations), are required to describe the electrosiricrion. 

One of the problems srill remaining in this field is that, 
despite the large number of the studies, it is not possible to 
draw a definite conclusion about values of electrostrictive 
coefficients even for a single composition. For example, ac- 
cording to early works.1-4 the electrostrictive coefficients of a 
"classical" rdaxor PbMgly?Nb,70, (PMN) are independent 
of temperature within a fairly large temperature interval. 
T= 150- 400 K. whereas other studies5-6 of the same mate- 
rial showed that its electrostrictive coefficients exhibit sub- 
stantial change with T in the same temperature ran«. More- 
over, a recent study demonstrated that the temperature 
dependence of eiectrostricrive coefficients of PMN can also 
be altered by the external field from gradual in zero-tield- 
cooling fZFCl regime to step-like during the field cooling 
(FC) under large dc bias, where the step'-like change in the 
coefficients occurred below so-called freezing temperature. 

Corresponding luthor. elevmmc nail: exzl ö>p*u.nhi 

In order to understand the origin of such a different be- 
ha\-ior of the electrostrictive coefficients, one should take 
into account that relaxors are structurally inhomogeneous 
materials. Microscopically, their structure is divided into 
small labout 100 A in size) poiar regions which are ran- 
domly distributed in the non-poiar matrix." In ?MK, the po- 
iar regions appear at high temperamres. around 600 K. and 
persist down to OK."' The presence of the polar regions 
resuits in that the material response (both electric and elastic) 
to the applied electric field can originate from different 
mechanisms: the distortion of the crystal lattice '.'in polar and 
non-polar phases), the polar vector reorientation of the polar 
regions, and the motion of the mterphase boundary between 
the poiar regions and the nonipoiar matrix It is also possible 
that several mechanisms coexist. Taking into account that 
eacn of the mechanisms can contribute differently to the in- 
duced polarization and strain (i.e.. giving large polarization 
but producing very small strain and vice versai.5 and that 
they can depend differently upon the applied field, the strain 
measurements performed with a reference to the structurally 
inhomogeneous state will have a serious drawback: since the 
electrostrictive coefficients are calculated as a ratio between 
the measured values of strain and the square of polarization, 
*•?•- Qu-Si/Pl, most likely they will stronglv depend 
upon the electric field magnitude. 

The above arguments suggest that in the previous stud- 
ies, the presence of the polar regions strongly influenced the 
resuits and thus did not allow derivation of the "true" elec- 
trostrictive coefficients of the prototype cubic phase of relax- 
ors. "ilierefore, in order to determine these coefficients, one 
should eliminate from the material the inhomogeneiry related 
to the presence of the double-phase mixture: "polar regions / 
non-polar matrix" For example, in PMN this could be ac- 

complished by studying the electrostriction at high tempera- 
tures, above 600 K. However, at such a high temperature the 
high electric conduction of the material makes the conven- 
tional strain measurements very difficult On the other hand, 
the electrostrictive coefficients of prototype cubic phase of 

C 1998 American Institute of Physics 
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PMN can  be determined microscopically,  i.e..   from   the 
change of tlic lattice constant« related to tlie structural phase 
transition into the ferroelectric sure induced durir.c FC be- 
low Te. In this method, two experiments must be pertcrrrjed. 
where the lattice parameters of PMX are measured ic the ?C 
and ZFC regimes. Hon ever, it should be stressed that be 
cause of the existence of the polar regions which introduce 
an additional strain in the cubic lattice of PMN* '" one can- 
not use as a reference the lanice parameters measured di- 
rectly in the ZFC experiment at temperatures below 6i>0 K. 
Therefore, in order to determine the lattice parameter* of the 
prototype cubic phase at temperatures below 600 K. one 
shouid adopt the approach employed in Refs. S anc: °. i.e.. ar 
7"<600 K. the parameters of the prototype c::V>!c .ih.^j. „jr. 
be found from the extrapolation of the experimcnuily mea- 
sured lattice constants at temperatures above 600, £. which 
should change linearly according to the normal thermal ex- 
pansion of the lame; The comparison of rhe lattice px-am- 
eters of the rhombohedral ferroelectric state11'1- wvh the ex- 
trapolated  values of the cubic lanice thus  wjü  ^ve  the 
eiectrostrictive strain related to the structural phase trans;- 
ncn. 

In this letter, we report the experimental result on the 
eiectrostrictive coefficients based on the latter approach. In 
this experiment, the lattice parameters of PMX were lnv«;-;. 
gated over a wide temperature interval, from i00 ;z 105:; K. 
using hizh-resoiuricn neutron powder diffraction The low 
temperatures were required to study the ferroelectric state 
induced in PMX during FC beiew 7>=220 K.." r' whereas 
the high temperature interval 'N.v)-i05i) Ki was irnrorran- to 
cctain reliable data en the prototype cubic phase r; be ex- 
trapolated to low temperatures file choice o: neutron dif- 
fraction rciied on the fact that neutrons have a iarcer t;enetra- 
con depth compared to conventional x-rays, thus allow- £ us 
tc study the bulk properties of the material 

In this experiment, neutron powder diffraction data w—e 
collected using the 3T-1 high-resoiution ditfraetomerer at 
the XIST Center for Neutron Research reactor. X3SR. The 
instrument has 32 detectors and offers a choice of two inoiie 
collimators. A Cuiill) raonochromator with a 90 take-off 
angle, a colliraation of 20 min after the monochremator. and 
7 min before each detector, were used for this experiment. 
Depending on the resolution required, in-pile collimation of 
7 and 15 nun was used for different runs. For the 15 rain 
setting, the optimum instrument resolution is A@[:ull width 
at half maximum (F\VHM)]=aoi3 A" '. while for the 7 min 
setting, the optimum resolution is imDroved to 
SQi.FWHM) = 0.0098 A-1. The data were collected up to 
2.0-170'. High-resolution dau were required in order to 
detecr the phase transformation with a very small lattice dis- 
tortion in the rhombohedral ferroelectric phase of PMX from 
the prototype cubic phase. (90' - arh I ■£ 0. 1:. u 

In order to be able to apply the electric field in the ?C 
experiment, the samples were prepared in the form of a 
multilayer sandwich, where 15 ceramic disks, each 2 mm 
thick with 10 mm diameter, were glued together using a 
conducrive epoxy. The experiment was first conducted in the 
ZFC regime where the diffraction panerns of PMX were re- 
corded at several temperatures from 1050 to 10(1 K. After- 
wards, the clc field £ = 5 kV/cm was applied to the same 
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samt:ie at 300 K. the: the saapie was cooied down 'FC 
regime r. and the diffraction patterns were recorded at several 
ter-rreratures beio* 7".-= 220 K. where the field induced 
phase transition was expected in ?MN for the electric field 
larger than the threshold neid. £.,= 1.7 kV/crr..1' 

?he results ofbeth ZFC ace FC experiments are in good 
agreement with sisiiar experiments performed bv other re- 
sear:-. groups For ZFC. the crystal iamce o: PMX is cubic 
in the whole studied temperature interval.*'"' whereas for PC 
usiru £ = 5 kV/c- the crystal structure is rhombohedral at 
temperatures below 220 tC.;Ili The transformation of the 
crys-^i structure from cubic to rhombohedral at TS220 K 
was evidenced, for example, by splicing in the ( hhk i reflec- 

tion into i hhh i and i hhh i under applied field. In both cases. 
unit cell parameters, a' (for cubic), and arh and a'" (for 
rhombohedral). were determined using the structural refine- 
ment procedure based on the Le Bail adaptation1-' of the Ri- 
etve-d method Finally, using the lattice parameters of PMX. 
two eiectrostrictive coefficients- Qu (which is related to the 
angular distortion of the lattice i and Qh= Qn-2Q v (which 
desc.-.bes the change of the volume of the unit cell during the 
phase transition), were calculated." 

Figure 1 presents the temperature dependence of the vol- 
ume of the unit cell. V, of PMN for both ZFC and FC ex- 
periments, and also illustrates the appro»ch which «e used to 
calculate the volume strain of the crystal lanice related to the 
phase transition. In the plot, open circles show the volume 
V of the unit cell of rhombohedral crystal lattice corre- 
sponding to the ferroelectric state induced in PMN at T 
< 22') K by the dc field £ = 5 kV/cm. Pluses and the dotted 
line   connecting  there  correspond  to   the   ZFC   regime. 
V •; T). with the cubic structure. Taking into account that 
no poiar regions exist in the material above 7"„=-6O0 K. the 
linear variation of \'nc in the high-temperature interval is 
the normal thermal expansion of the prototype cubic lanice 
of PMN. [Vifi-nTo)]*£,. [T-Tu). where ßy is the 
volumetric thermal expansion coefficient and V is the vol- 
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IfW™1' P^ff ' corfä«n" <?< »DJ Q„ ofpioien-pr cubic !atnce 
of PMN relixor calcula.,.1 from the rrsul* of ihr «nictml «n,dv of PMN 
aanghigli-iwolimon neutron po«der Jiffbcnmi. 

Tito I IK I 17(1 

Q,ilO"- m7C:) 

Q- U0": mVC') 
S.:=l.o 
0.7=0.1 

S.lrl.u 
0.7=0.1 

SJ= ;.o 
i'.Hru.I 

T\^VBa "" °f ^ PTOIOtype cubic Iatticc- Beio~ 600 
tv        (7) deviates from the linear dependence due to the 
appearance of polar regions in PMN which introduce an ad- 
dTOj «rain in test cubic lattice, which is equal to Qh 

<p,}/5, "-here v(/»;> is the root mean squared local spon- 
taneous polarization. 

It. order to find Qh from the data in Fig. 1. the volumet- 
ric strain related to the structural plase transformation was 
calculated as ±Vf\", where AV«v*-v Fi„ l pclo,v 

220 K the volume \" of the prototype cubic* pha« was 
found by the extrapolation of the high-temperamre linear de- 
pendence down to low temperatures, as shown in Fie T with 

Je soltd line. The volumetric electrostrictive coefficient 
'dh, was determined from the equation: 

where P, is the macroscopic spontaneous polarization The 
Pt was evaluated from saturated polarization hvsteresis 
loops measured on PMN single crystal samples aim» < U' > 
«ereon using the ac field of 30 kV/cm amplitude .which is 
much larger than the threshold field £„»). For the teraa«. 
aire equal ro 100. 170 and 120 K. the magnitude of sponta- 
neous polarization was equal to 0.42. 0.38 and 0 ^''~'m- 
respecaveiy. Another electrostrictive coefficient. O^*-« 
calculated using the following expression: 

i'3) 

where the rhombohedral distortion of the lattice ( -P - a*) 
is now glVen in radians. The results are summarized in" Table 
I. From that table, it can be seen that within the error of 
experiment, both coefficients remain temperature indeoen- 
aent m the studied temperature interval of more than 100 K 
Tins result is in agreement with the conventional wisdom 
mat the electrostrictive coefficients coupling electric and 
clastic properties of the crystal lattice should be '-proper'- 
material constants, i.e., should be temperature independent. 

Toe obtained results find support in the other data avail- 
able m the literature. h a prc%Toos work,5 the electrostrictive 
coemcient Qh of PMN was measured usins a conventional 
technique, i.e., strain as a function of the applied field. Under 
similar experimental conditions (FC reeime. temperature 
range oelow Tf, the stmcturally homoaeneous state in PMX 

Zhaoefa/. 3 

TABLE II. Comparison of electrostricove coefficients p   oflh^    , 
brncrjBfo of seven! perov$lale ferrodectr.es. °*      ** ^ 

PMN 
BaTiO, 
PbTiOj 
SrTiO; 
KTaO, 

8.3= 1.0 
10 
3.7 
4.7 
s.: 

is *c nonaal ferroelectric «ate induced by large enoueh dc 

in-" ^1 °buiDed value was «^ to: 2„=(6.0r0.5-> 
• u» JIB1/C-), which was also independent of tempera- 

ture at 7*7>.- This result is close to the averase value Ok 

- (Jjor 1.0J.V 10-- (m'/C2) derived from the present smTc- 
tural study of PMN. Apparently, Qh denved here is about an 
order ol magnitude higher than those found in manv early 
stuuies. - The reason behind this is the existence of polar 
regions in the material, the response of which to the external 
electric neld does not generate volume chanse. as has been 
discussed in an eariy publication.5 

Table n compares Qh of several perovskite 
terroeiectncs- including the new value for PMN. As one can 
cleany see. the Qh of PMN nicely fits the values of the 
electrostrictive coefficients describins the strain of the pro- 
»type cubic lattice of other perovskites. 
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ELECTRIC FIELD INDUCED ANISOTROPY IN 

ELECTROSTRICTIVE PbCMg^Nb^Os - PbTi03 CRYSTALS 
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Paul Bridenbaugh, Jason Rottenberg and Gabriel M. Loiacono- r- 

Crystal Associates, 15 Industrial Park, Waldwick, NJ 07463 \    ,,■-•- — ~L ■* 
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Abstract 

The electrostrictive behavior in single crystals of Pb(Mgi/3Nb^)03 (PMN) and 

0.93Pb(Mgi/3Nb2/3)O3 - 0.07PbTiO3 (PMN-7%PT) was investigated as a function of 

crystallographic direction. The pseudocubic nature of these materials became highly anisotropic 

at relatively high electric fields. The observed anisotropy was believed to be associated with an 

electric field induced rhombohedral symmetry. Strain values were found to be larger for <001> 

oriented crystals though larger polarization values were measured in <111> oriented crystals, a 

consequence of larger electrostrictive coefficients (Qij). The electrostrictive coefficient Qij of the 

induced phase was found to be independent of composition. Though the crystals exhibited a high 

degree of anisotropy, no apparent improvement in induced polarization or strain was found when 

compared with polycrystalline counterparts. 

Keywords : Relaxor ferroelectrics, single crystal, anisotropy. (77.65.-j, 77.90.+K) 



Pb(Mg1/3Nb2/3)03 (PMN) is a prototypical relaxor ferroelectric exhibiting a diffuse phase 

transition and large frequency dispersion with dielectric maximum at Tmax ~ -7°C (1 kHz).[l] In 

contrast to normal ferroelectrics such as PbTi03 (PT), the dielectric maxima does not correspond 

with a phase transition. Neither macroscopic structural distortion nor optical anisotropy is 

detectable even at temperatures significantly below Tmax . This macroscopic isotropy is often 

referred to as the «glassy state [2]" or "cubically stabilized perovskite [3]", a consequence of a 

"freezing" of polarization fluctuations.  The phase transition into the long-range ordered 

ferroelectric phase, however, can be induced by an E-field.fl] The most direct evidence of an E- 

field induced phase transition was in-situ XRD studies reported in reference [4,5], where 

rhombohedral peak splitting occurred at the expense of fundamental cubic perovskite peaks. In 

the case of PMN single crystals, the initial phase induced from the relaxor state was found to be 

rhombohedral. regardless of the E-field direction with respect to the crystallographic orientation. 

[6,7] 

The diffuse dielectric maxima around room temperature and subsequently large dielectric 

constant of PMN based relaxor ferroelectric materials and correspondingly large electrostrictive 

strain dependence on polarization with hysteresis-free behavior are attractive for actuator 

applications.^] At room temperature, low-field polarization/strain behavior of PMN and PMN- 

PT with low PT content (< 15%) is isotropic. The isotropic electrostrictive Q„ coefficients for 

PMN and PMN-PT crystals are presented in table 1. In case of PMN-PT ceramics, 

electrostrictive Qij coefficients are dependent upon PT content as depicted in table 1. 

The objective of this work was to investigate the polarization and strain behavior for PMN 

and PMN-7%PT crystals as a function of crystallographic orientation. It will be shown that 



electrostrictive strain values of <001> oriented crystals are smaller or at most equal to those for 

<111> oriented crystal at low fields, becoming larger at high E-fields (>50kV/cm). This strain 

behavior will be discussed in relation to the symmetry of an E-field induced phase, and to the 

domain configuration which is associated with the induced ferroelectric phase. 

Crystals of PMN and their solid solution with PT were grown using the high temperature flux 

technique. Raw powders were weighed with a desired molar ratio with B2O3 and excess Pb3Ü4 as 

a flux. The mixed powders were loaded into a Platinum crucible, which was placed in an alumina 

crucible sealed with an alumina lid and alumina cement to minimize PbO volatilization. The 

crucible and powder were placed in a tube furnace and held at soak temperatures (1100 to 

1200°C), followed by slow cooling (1 to 5°C/hr). The crucible was then furnace-cooled to room 

temperature. Hot HNO3 was used to separate the crystals out of the rest of the melt. Typically, 

crystal size ranged from 3 to 20 mm. Further details on the flux growth technique of these 

crystals can be found in ref. [9,10]. 

Individual crystals were oriented along their pseudocubic <001> and the <111> axes using a 

Laue back reflection camera. For electrical characterization, samples were prepared by polishing 

with silicon carbide and alumina polishing powders to achieve flat and parallel surfaces onto 

which gold electrodes were sputtered. The dielectric properties were determined with 

multifrequency LCR meters (Hewlett Packard 4274A and 4275A) in conjunction with a 

computer controlled temperature chamber (Delta Design Inc., Model MK 2300) over the 

frequency range of 100Hz, 1kHz, 10kHz and 100kHz. High-field measurements included 

polarization and strain hysteresis using a modified Sawyer-Tower circuit and linear variable 

differential transducer (LVDT) driven by a lock-in amplifier (Stanford Research Systems, Model 



SR830). Electric fields as high as -120 kV/cm were applied using an amplified sine wave form at 

0.2 Hz. using a Trek 609C-6 high voltage DC amplifier. During testing the samples were 

submerged in Fluorinert (FC-40, 3M, St. Paul. MN), an insulating liquid, to prevent arcing. 

Figure 1 presents dielectric constant/loss vs. temperature curves (cooling, no bias) for a PMN 

crystal. As shown, a frequency dispersion accompanies a diffuse phase transition, with Tmax ~ -5 

°C (1 KHz). The dielectric constants (K) ~ 16000 (1 kHz) was determined for both <111> and 

<001> oriented crystals at room temperature. Polarization and strain behavior is plotted as a 

function of E-field in figure 2. As anticipated for pseudocubic PMN crystals, polarization, strain 

values, and electrostrictive coefficients (QlJ) were independent of crystallographic orientation at 

low fields (<5kV/cm). From <001> oriented PMN crystals a Q„ value of 1.0 xlO"2 m4C'2 was 

measured, significantly smaller than that reported by Uchino et al. [11]. An apparent anisotropy 

in electrical properties was observed at increased E-fields, as shown in figure 2. Polarization 

values, which had been crystallographically identical at low fields, exhibited differences starting 

at E - 5kV/cm. As shown in figure 2(a) and presented in table 1, polarization levels for <111> 

oriented  crystals were  larger than  <001>  oriented  crystals,  in agreement with  previous 

observations [6,7]. However, higher strain levels were accompanied by lower polarization values 

for the <001> oriented crystals at E > ~50kV/cm, shown in figure 2(b). Higher strain values 

along with less polarization must also be a result of E-field induced anisotropy in Q„ values. 

Figure 3 presents strain (X) vs. P2 curves for both <111> and <001> oriented crystals, where Q„ 

values can be directly calculated from the slope of the curves. As can be seen in figure 3, the 

slope (Q„ ~ l.OxlO"2 m4C2) at low fields continuously increases from P2 = -70 uC2/cm4 

(E=~7kV/cm) and saturates to a different value at high fields (at high polarization values) due to 



a E-field induced phase transition. In figure 3, Qn values of the induced phase(s) are presented as 

a function of crystallographic orientation. A Qn (3.4xl0"2 m4C"2) value for the <001> oriented 

crystals was found to be larger than the <111> oriented crystal (1.5xl0'2 m4C"2). Since the E-field 

induced phase is expected to be rhombohedral with <111> being the polar direction [6], an 

applied E-field along <001> results in a tendency for the polarization direction to shift in the 

direction of the E-field, resulting in more lattice distortion and consequently higher values in 

both strain and Qij. It is also expected that the E-field induced phase in <001> oriented crystals 

must result in domain configuration with the ferroelectric domains possessing four possible polar 

directions - <111>, <-l 11>, <1-11>, <-l-l 1>, i.e. an engineered domain state. 

With the addition of 7mole% PT, the induced anisotropy occurred at lower E-fields and 

polarization values were found to increase, as presented in figure 5 and table 1, respectively. The 

<111> oriented crystals were superior to the <001> orientation with induced strain values at low 

fields (< ~40kV/cm), explained by higher polarization levels of <111> oriented crystals 

However, induced anisotropy resulted in higher strain values for the <001> oriented crystal at 

high fields (>40kV7cm), in spite of smaller polarization values. 

Table 1 summarizes polarization and electrostrictive coefficients of PMN and PMN-7%PT 

crystals as a function of crystallographic orientation and their polycrystalline counter parts, as 

well. In contrast to previously reported data for electrostrictive PMN-PT ceramics [8], 

electrostrictive coefficient of PMN-PT crystals were found to be independent of composition, 

especially for the induced ferroelectric phase. The compositional dependence of Qy [8] in 

electrostrictive PMN-PT ceramics may explained by a level of E-field necessary to induce the 



relaxor-ferroelectric phase transition. Increased PT content may result in increased anisotropy 

and subsequently increased Qij. 

It is important to note that electrostrictive PMN-PT crystals are not superior to their 

polycrystalline counterparts as shown in figure 5. Though maximum levels are limited by the 

dielectric breakdown strength, polarization and strain values of ceramics fall between <111> and 

<001> oriented crystals. 

Using direct investigation of E-field induced polarization and strain as a function of 

crystallographic orientation for electrostrictive PMN-PT crystals, it could be concluded that 

higher strain values with lower polarization levels for <001> oriented crystals was a result of the 

E-field induced anisotropy. Electrostrictive coefficients Q„ (3.4 xlO'2 m4C2) for <001> oriented 

crystals was found to be larger than that of <111> oriented crystals (Q„ ~1 xlO"2 m4C2), for the 

induced phases at high fields, being independent of composition. In spite of the induced 

anisotropy, strain levels obtained from electrostrictive PMN-PT crystals were only comparable to 

those of polycrystalline counterparts. 

Authors would like to acknowledge that this research has been supported by Office of Naval 

Research. The authors would like to thank Shi-Fang Liu and Hua Lei for their helps with crystal 

growing and sample preparation, respectively, and L. E. Cross and S.-J. Jang for their helpful 

suggestions. 
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Table 1 Polarization and electrostrictive coefficient (Qn) of PMN and PMN-7%PT ceramics and 
single crystals as a function of orientation. 

Composition Orient- 

ation 

Ps (nC/cm2) Q„ (low field*, 

xlO^nrC4)) 

Q„ (high field, 

xlO^WC4)) 

Ref. 

PMN 

Single 

Crystal 

111 28 0.9 1.5 (>30kV/cm) this work 

001 17 1.0 3.4 (>30kV/cm) 

001 15* 2.5b . Vn 
Ceramics 20 1.1 (<25kV/cm) 1 

PMN-7%PT 

Single 

Crystal 

111 34 0.9 1.5 (>10kV/cm) this work 

001 22 0.9 3.4 (>10kV/cm) 

Ceramics 24 2.0 (<25kV/cm) 1, this work 

* Low Fields : < 5 kV/cm. 
a at the temperature ~ -6.5°C 



Figure Caption 

Figure 1 Dielectric constant and loss as a function of temperature for PMN crystal at various 

measuring frequencies (0.1, 1, 10, and 100 kHz) 

Figure 2 Electric field dependence of the induced polarization (a) and longitudinal strain (b) for 

PMN crystals oriented along <111> and <001> directions. 

Figure 3 Longitudinal strain as a function of polarization squared for PMN crystals oriented 

along <111> and <001> directions. 

Figure 4 Electric field dependence of the induced polarization (a) and longitudinal strain (b) for 

PMN-7%PT ceramics and single crystals oriented along <111> and <001> directions. 
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Figure 1'Dielectric constant and loss as a function of temperature 
for PMN crystal at various measuring frequencies (0.1,1,10, and 100 kHz) 
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Figure 3 Longitudinal strain as a function of polarization squared for PMN crystals 

oriented along <111 > and <001 > direction. 
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Diffuse X-Ray Scattering Study of Lead Magnesium Niobate Single Crystals 

H. You 
Argonne National Laboratory. Materials Science Division. 9700 South Cass Avenue, Argonne. Illinois 60439 

Q. M. Zhang 
Materials Research Laboratory, The Penn State Universin: University Park, Pennsylvania 16802 

(Received 25 April 1997) 

Single crystals of lead magnesium niobate. PbMgi/jNb; :.0?. were studied with x-ray scattering mea- 
surements at temperatures between 10 and 350 K. The diffuse scattering around odd-integer Bragg 
reflections {H -r K -r L = odd) has a significant anisotropic component with ledges along (110) direc- 
tions. We show that the transverse optic (ferro distortion) modes whose polarizations are along (HO) di- 
rections are soft and responsible for the observed diffuse scattering. Upon cooling, these modes undergo 
a freezing process with ^-dependent freezing temperatures. Below the lowest freezing temperature 
(7" S 190 K) the diffuse scattering follows l/q2 law, indicating an elastically distorted, static structure. 
[S0031-9007(97)04551-1] 

PACS numbers: 77.80.Bh, 61.10.Eq, 64.70.Kb. 77.S4.Dy 

Relaxor ferroelectrics belong to a special class of fer- 
roelectric materials which exhibit a diffuse dielectric re- 
sponse to external fields with frequency-dependent, broad 
dielectric maxima. In addition, their low-temperature 
structures cooled under zero field show no long-range 
ferroelectric order even at near 0 K [1]. Among them, lead 
magnesium niobate, PbfMgi/sNbi/sO;,] (PMN), is con- 
sidered as a model system and has been most extensively 
studied in recent years, in an attempt to elucidate its pecu- 
liar transition behavior. Although significant progress has 
been made over the last decade, some aspects of its nature 
remain unclear and often controversial. In particular, 
with respect to the low-temperature ferroelectric struc- 
ture, two alternative models were previously suggested: 
(i) the presence of microscopic ferroelectric domains 
whose polarizations are frustrated by local random fields 
at low temperature [2], or (ii) the glassy nature of interac- 
tions between ferroelectric dipoles [3]. More recently, in 
pressure-dependent studies of a related relaxor material, 
lanthanum-modified lead zirconate-titanate, it was sug- 
gested that the glasslike behavior is related to the freezing 
of the soft mode [4]. These proposed models, which 
are extremely interesting but largely based on indirect 
evidence, motivated us to perform x-ray scattering studies 
of PMN. 

The PMN has a cubic perovskite structure where the 
A site is occupied by Pb":, and the B site (surrounded 
by an oxygen octahedra) is randomly occupied by Mg 
and Nb [Mg^Nb^C^""6] (MN). Unlike ordinary cu- 
bic perovskites. the positions of both sublattices are sub- 
stantially displaced along symmetry directions as much 
as 9% [5], which is suggested to be the result of short- 
ranged ferroelectric ordering. In addition, there present 
randomly embedded microdomains with a doubled unit 
ceil [6.7]. From the structure refinement, we find that 
the unit cell doubling of microdomains [superlattice re- 

flections at (H + 0.5K -r 0.5L -r 0.5)] in the crystal is 
largely_due to a 1:1 compositional ordering of Nb and 
Mg (P43m supercell) but their positions are significantly 
disordered [8]. The size (-100 A and volume fraction 
(51000 A apart) of the microdomains are probably lim- 
ited due to the charge imbalance due to the Mg and Nb 1:1 
compositional ordering [6.8]. The objective of this Letter 
is. based on these existing results, to elucidate the struc- 
tural origin of the large displacements [5] and the role of 
the ordered microdomains on the freezing of the displace- 
ments, thereby to provide a structural basis for the relaxor 
behavior of this material. 

Single crystals of PMN were grown by the flux solution 
technique. They were light yellow in color with a cubic 
morphology. The crystal used in this experiment was ori- 
ented and cut into an approximately rectangular plate of 
2X4X4 mm3 with the largest face parallel to a (001) 
plane. Tne cut surfaces were mechanically flat but de- 
liberately unpolished in order to avoid surface scattering. 
However, the samples were carefully annealed in oxygen 
flow to heal the possible damage done during the mechani- 
cal cutting. Prior to this study, the dielectric response of 
the specimen was measured and the results were previ- 
ously reported [7]. The samples exhibit a well-defined, 
diffuse phase transition with the dielectric relaxation ob- 
served in typical PMN materials. The x-ray measurements 
were performed with a 12 kW rotating anode x-ray gen- 
erator. Targets of Cu Ka and Mo Ka were used in our 
study. Bent graphite monochromators were used to fo- 
cus the x-ray beam to 1 x 2 mm: at the sample position. 
Some x-ray measurements were reproduced with a higher 
instrumental resolution at the X6B beam line of the Na- 
tional Synchrotron Light Source. The temperature of the 
sample was controlled with a Displex cryostat. 

As shown in Fig. 1(a), the integrated intensities for most 
reflections decrease substantially as temperature decreases 
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FIG. 1. a) Temperature-dependent intensity of selected Bragg reflections. Diamonds, filled squares, down trianeles. up triangles 
hi ed circles, open mangles and open circles are for (333). (022). (111). (033). (011), (002). and (003). respectively (b) X=-"v 
diffuse scattering near (003) Bragg reflections and its temperature dependence.   The solid and dashed lines «the 1 near f£ £ £e 
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CirclCS ",* " °01, £? Tl- imenSit,CS at h - °01 (sa-uares) ™* h - 0-W CUne) vs temperature are shown (c) Isointensity contour plots around (003) reflection. 

while their widths remain unchanged (not shown).   This 
is opposite to the usual effect of the Debye-WaJIer fac- 
tor, or in other words, the system disorders as temperature 
decreases.   Contrary to most reflections, however, inten- 
sity of (003) significantly increases and its width broadens 
upon cooling from 350 to 190 K. near the freezing tem- 
perature previously reported [2.3].  As will become clear 
below, the exceptional behavior of the (003) is due to its 
small structure factor and the diffuse scattering near every 
odd integer reflection in the presence of ferroelectric dis- 
tortion of the lattices [9]. As the static disorder increases, 
the (003) intensity becomes so small that the diffuse scat- 
tering dominates the measured reflection profiles [8]. This 
allows us to measure more accurately the diffuse scatter- 
ing around it. In addition, the diffuse scattering near (003) 
is considerably larger than that near (001) due to the Qz 

factor as discussed below and the diffuse scattering due to 
nonferrodistortions near it is not as strong as near (005). 
For these reasons and because it is along the high symme- 
try direction, the (003) reflection and its neighbor is the 
most favorable place for the diffuse scattering study of the 
ferrodistortion mode [10]. 

X-ray diffuse scattering per unit volume of a sample at 
a point in the reciprocal space. Q. due to a single Fourier 
component of wave vector q = Q - G (G is a crystal 
momentum and q < C) and mode j can be expressed as. 

'<Q) = ^*<,,IQ eq.;l (1) 

For a static modulation. XqJ = I!/,.,-1: with an amplitude 
and a polarization, 1iq,; and eq.,. respectively, which are 
determined by the elastic response of the crystal to the spe- 
cific imperfection in the lattice for the static case [11,12]. 
For a phonon mode, Xq,, - ~q^ with the mass density 
p at a high-temperature limit [13]. In either case, every 
mode in general contributes to the diffuse scattering. How- 
ever, when only one specific mode has a dominant con- 

tribution to the diffuse scattering because of either excep- 
tionally small sound velocity for the corresponding phonon 
mode [14] or in the presence of a soft mode [15]", the na- 
ture of the corresponding mode can be learned from the dif- 
fuse scattering measurements otherwise obtainable only by 
neutron scattering experiments. In particular, temperature- 
dependent diffuse scattering measurements were used to 
study the soft modes in ferroelectric materials [16]. Note 
that liq.y is independent of q [ 11.12] for small q which is a 
general result derived from the equation of elastic equilib- 
rium independent of the details of the crystal. Therefore, 
the 11q- form is the prime signature of static and elastic 
response of the crystal in the presence of impurities or de- 
fects, known as Huang scattering [12]. 

In Fig. 1(c), the diffuse scattering around (003) is 
shown as a set of isointensity contours. The diffuse 
scattering intensity shows a significant anisotropy around 
(003) reflection with the maxima along four [101] and 
four [011] directions. A close examination of Eq. (l)and 
the diffuse scattering yields a qualitative but illuminating 
picture about the nature of lattice distortion responsible 
for the anisotropy. First, it suggests that the (110) 
type phonon modes along the T-N direction are soft 
and dominant contributors to the diffuse scattering (q || 
Ol0>). Second, the absence of the diffuse scattering 
along four [110] directions additionally suggests that the 
polarization is pure transverse and quo] |j[lT0] since 
Q • eq.j = OandQ = (001) [10]. 

In order to test the qualitative observation, we exam- 
ined the diffuse scattering near several other Bragg re- 
flections. We show in Fig. 2 contour plots of diffuse 
scattering (solid lines) at room temperature near three 
Bragg reflections and calculated contour plots (dashed 
contours). In the lower left panel the positions of the 
contour plots are shown as open squares. Each contour 
represents tripling of the intensity and the calculations 
were made by assuming that the phonon modes are softest 
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FIG. 2. Contour plots of x-ray diffuse scattering around three 
reflections indicated as open squares at the lower left panel. 

along T-N with a finite width of 0.5 rad. As we can see. 
the calculated contours agree well with the measured con- 
tours [17], confirming that the simple transverse modes 
along (110) are indeed responsible for the anisotropic dif- 
fuse scattering. Here we showed data around only three 
reflections in the h-l zone but the anisotropic diffuse 
scattering is observable near every odd integer reflection 
(H — K — L = odd) [9] and the contour shapes can be 
similarly explained. The distortion amplitude. 1iq.y, of 
the center-of-mass conserving optic mode (ferroelectric 
distortion) is nearly zero at the even integer Bragg re- 
flections due to the canceling of the structure factor [9]. 
Therefore, the absence of such anisotropic diffuse scatter- 
ing around even integer reflections is additional evidence 
that the anisotropic diffuse scattering comes indeed from 
the ferroelectric distortion. 

As temperature is varied, we do not observe qualitative 
changes in the contour shapes shown in Fig. 2. However, 
the intensity of the diffuse scattering does change with 
temperature and. furthermore, this temperature dependent 
behavior is also strongly q dependent as shown in the 
main panel of Fig. 1(b). Here, the intensities along one 
of the ridges measured at the temperatures between 10 K 
(open circles.) and 350 K (solid circles) are shown in a log- 
log plot as solid curves between the open and solid circles. 
In addition, a straight solid line of / = h~2 (Huang scat- 
tering) and a dashed line of/ = A-1-3 (best linear fit to the 
high-temperature. large-A diffuse scattering) are shown to 
guide the eye. In essence, the diffuse scattering inten- 
sity at room temperature shows no simple functional form 
while that at 10 K shows a l/q1 form except for the in- 
strumental rounding near h = 0. This l/q2 dependency 
is consistent with the above-discussed static and elastic 
distortion modes. There are two things to notice in this 
figure: (1) apparent absence of the Bragg peak and (2) the 
increase of the diffuse scattering for 0.007 < h < 0.06 
as temperature decreases.  The intensity at 350 K shows 

a rapid decrease near h = 0.005 indicating the presence 
of a weak (003) Bragg reflection but the diffuse scatter- 
ing continues from h = 0.005 to the zone boundary. As 
temperature decreases, the diffuse scattering near the zone 
boundary (short wavelength distortion) decreases while 
the diffuse scattering near the Bragg peak (long wave- 
length distortion) increases. Below —190 K, however, the 
Bragg peak can no longer be separated from the diffuse 
scattering and the diffuse scattering precisely follows the 
l/q1 form until it reaches the rounding at h = 0.005 due 
to the instrumental resolution. (The small overshoot near 
It = 0.01 is due to the Q1 factor and the peak at h — 0.5 
is a A/2 of the graphite monochromator.) 

While the structure of the 1:1 ordered microdomains 
is nearly isomorphic with that of the host crystal, there- 
fore with little mechanical stress expected, the charge 
imbalance within them (—0.5 e~ per unit cell) should 
significantly distort the lattices within and around them by 
pulling the Pb site and pushing the MN site. Under these 
radial electric fields, the softest mode will respond most 
strongly resulting in the qualitatively similar anisotropic 
diffuse scattering. The amplitude of the ferrodistortion 
should have a maximum at the boundary of the ordered 
domain but gradually decrease as the distance from the 
ordered domain increases in order to satisfy the equation 
of elastic equilibrium evidenced by 1 /q1 form. In addi- 
tion, the polarizations may reorient in order to minimize 
the strain energy, which cannot be easily accommodated 
by various combinations of the discussed (110) modes. 
under the radial electric field. Such reorientation is not 
evident within the data presented here but the significant 
temperature effect found in the high-resolution radial and 
transverse scans through (003) [10] provide a possibility 
that such reorientation may indeed exist. Then, immedi- 
ately around an ordered microdomain. there should form 
a strong radially symmetric distortion field with polar- 
izations pointing towards the ordered microdomain. The 
radial distortion field weakens, however, as the distance 
from the ordered domain increases and eventually overlap 
with the distortion fields emanating from other ordered 
microdomains around it. Therefore, in the middle region 
(several hundreds of angstroms in size and most volume 
fractions belong to this region) sufficiently away from the 
ordered microdomains. the ferrodistortions must be frus- 
trated under zero-field cooling. Under field cooling, of 
course, a large ferroelectric domain can be established in 
the middle region, such as the recently observed rhombo- 
hedral distortion upon (111) poling [18] by an appropri- 
ate combination of the (110) transverse modes. Within 
this scenario, our picture of low-temperature structure is 
closer to the model of the ferroelectric domains frustrated 
by random fields [2] than the model of glassy dipoles [3]. 

A closer examination of the temperature-dependent in- 
tensity at each h value reveals that the modes at differ- 
ent h freeze at different temperatures. For example, Io.oi 
(squares; and Io.w (solid lines) vs temperature are shown 
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as an inset in Fig. 1(b). The intensities h = 0.01 and 
/; = 0.04 increase rapidly on cooling but saturate at two 
different temperatures. The saturation temperatures were 
—200 and —260 K. respectively, estimated from the in- 
tersections of two solid straight lines as shown in the fig- 
ure. The solid lines show that the two modes freeze to 
static distortions at the respective temperatures. Over all. 
the long-wavelength phonons freeze at lower temperatures 
than short-wavelength ones do. This shows a competi- 
tion between the above-mentioned static distortions and 
the phonon excitation along the dispersion curve. This 
competition offers a basis for another possible model for 
relaxor ferroelectrics in addition to the previously studied 
models of inhomogeneous polar regions or transition tem- 
peratures [19]. 

In conclusion, we show that pure transverse soft 
phonon modes along (110) directions are present and 
freeze gradually within the temperature range from 
—260 K for short-wavelength phonons to —190 K for 
long-wavelength phonons. Contrary to ordinary ferro- 
electrics where a condensation of a soft mode at Tc 

results in an abrupt phase transition, the observed branch 
of soft modes in PMN is electrostatically pinned by the 
randomly located microdomains and freezes gradually 
with ^-dependent freezing temperatures. Our picture of 
PMN. namely, soft modes interacting with the pinning 
centers of microdomains and their ^-dependent freez- 
ing, may provide a microscopic physical basis for the 
observed relaxor behavior of PMN. 
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Abstract: 

The influence of uniaxial compressive stress T3, in parallel with the applied electrical field, on the 

electromechanical parameters of O^PbCMg^Nb^CyO.lPbTiOj ceramic in the DC electrical 

field biased state and at temperatures near the dielectric constant maximum Tm was investigated. 

It was found that, in general, T3 reduces the dielectric constant and polarization level which 

results in a reduction of the piezoelectric coefficient with stress. However, the compliance of the 

material does not show much change with stress. As a consequence, the coupling factor k33 is 

also reduced with stress. On the other hand, the existence of the local micro-polar region in the 

material causes anomalous changes in these properties when the material is subjected to a high 

electric field, which induced a macro-polar state. The transformation of this macro-polar state 

back to a micro-polar state under stress involves a large volume strain and results in an 

enhancement of the hydrostatic piezoelectric response. 

* Corresponding author 



I. Introduction 

Lead magnesium niobate-lead titanate (PMN-PT) based electrostrictive materials exhibit many 

attractive features such as high dielectric constant, high electrical and elastic energy density, low 

hysteresis, for actuator and transducer applications. In these applications, the materials are often 

subjected to high external stresses due to a prestress or high external load. In order to properly 

use the materials under different external conditions it is necessary to understand how the 

electromechanical properties are influenced by those conditions. 

In PMN-PT used in the electrostrictiv   regions (at temperatures near or above the dielectric 

constant maximum TJ, the material is cor ;posed of two phases: micro-polar regions embedded 

in a non-polar matrix.1-2   And as has been demonstrated in a recent study, the polarization 

response, and hence the dielectric and electric field induced strain behaviors, at temperatures near 

Tm are mainly controlled by the response of the micro-polar regions, rather than by the so called 

"intrinsic" contribution from the change of the unit cell dimension and polarization level.2-3 This 

is somewhat similar to the another widely used electromechanical material, the piezoceramic lead 

zirconate titanate (PZT),   where the material properties are largely controlled by the macro- 

domain configuration and the movements of the domain boundaries.4 One difference between the 

two systems is that in PMN-PT the response of the micro-polar region exhibits only weak 

hysteresis while in PZT, large irreversibility occurs when external fields cause depoling of the 

piezoceramic.5 The influence of external stresses on the response of micro-polar region is still 

unclear at this stage. 

In this paper, we report the results of an experimental investigation on the effect of uniaxial 

compressive stress (T3), which is parallel to the applied electric field direction (defined as the 3- 

direction), on various electromechanical parameters of PMN-PT with the composition of 10% PT 

(0.9PMN-0.1PT). As has been demonstrated by many early studies, for electrostrictive 

applications at near room temperature, the composition of PMN-PT is near 0.9PMN-0.1PT 

whose weak field dielectric constant is presented in figure l.6'8 In addition, by applying a DC 

bias electric field to the material, an effective piezoelectric state can be induced, as shown 



schematically in figure 2. For an electrostrictive material such as the one investigated here, the 

material is often operated in the field biased state. In this investigation, therefore, all the 

parameters are characterized also under different DC electric bias fields to simulate this operation 

mode. 

II. Experimental 

All the specimens used in this investigation were made by the mixed oxide method following 

the columbite B-site precursor method.9 Most of the specimens were sintered at a temperature of 

1250 °C for 2-6 hours followed by annealing in an oxygen rich atmosphere at 900 °C for 6 - 

24 hours. The typical dielectric constant of the specimens is shown in figure 1. 

In this investigation, the uniaxial stress applied to the specimens is provided by an apparatus 

developed recently which has been described in an early publication.5 Making use of this 

apparatus, the effective piezoelectric coefficient, the elastic compliance, and the dielectric constant 

in the DC electric field biased state can be characterized under well defined boundary conditions. 

In this apparatus, the strain response was measured by a strain gauge (KYOWA KFR-02- 

120-C1-11). In the DC electric field biased state, the strain response of the specimen is described 

by10 

S3 = d33E3 + sf3T3 and 5j = d31E3 + s?3T3. 

Hence, in the DC electric field biased state, a weak AC electric field E^ (<100 V/cm) induces AC 

strains S3 and S, (under constant stress condition), parallel and perpendicular to E^ respectively, 

from which the piezoelectric coefficients d33 (=S3/Eac) and d31 (=S,/EJ can be determined (see 

figure 2). In analogy, by measuring the strains S3 and S, induced by a weak AC stress field T«. 

(about 0.1 MPa) under constant electric field condition, the elastic compliance^ and sf3 can be 

determined. In this investigation, the strain was acquired at a frequency of 10 Hz. In order to 

improve the signal-to-noise ratio, the voltage signal from the strain gauge amplifier was 

measured by a Lock-in amplifier. Further more, to ensure that T3 was uniformly applied to the 



specimen two strain gauges attached to opposite faces of the specimen were utilized. Adjustment 

was made before the data acquisition so that the strain readings from the two strain gauges were 

the same within 5%. From repeated measurements, it was found that this adjustment was not 

very crucial to the determination of piezoelectric coefficients. However, for the elastic 

compliance, any non-uniformity in T3 can result in a large error. Hence, the error in the 

piezoelectric coefficient determined is within 5% while in the elastic compliance it is about 10%. 

The dielectric constant was determined using either a multi-frequency LCR meter (HP model 

4192A), or a calibrated small resistor in series with the specimen. In the later method, the 

voltage across the resistor, which is directly proportional to the current flowing through the 

specimen, was measured using a Lock-in amplifier. From the data, the complex dielectric 

constant can be determined. The frequency range for the dielectric constant measurement is from 

10 Hz to 1 MHz. The polarization level at each electric bias field and DC stress state was 

measured by a Saywer-Tower circuit. 

Since the material is operated at a temperature near the dielectric constant maximum Tm where 

there is a large change in the dielectric constant (see figure 1) and the polarization level in the field 

biased state, it is necessary to characterize the electromechanical parameters over a temperature 

region about Tm. In this investigation, three temperatures were chosen: 25 °C (<Tm), 50 °C (near 

above Tm) and 80 °C (>Tm). 

HI. The Dielectric Responses 

Presented in figure 3 is the dielectric constant acquired at 25 °C, which is below the dielectric 

constant maximum (Tm=37 °C at 1 kHz). Without DC electric bias fields, the data in figure 3 

shows that the dielectric constant decreases as the compressive stress T3 increases, a trend 

generally expected for a dielectric material with a positive electrostrictive coefficient Q ."l2 On 

the other hand, at high DC bias fields, for instance at 5 kV/cm, an increase of the dielectric 

constant with the compressive stress was observed. And in the pressure range investigated, a 

dielectric maximum was observed at near 60 MPa, which seems to be inconsistent with 



conventional electrostrictive behavior. This could be understood from the fact that because of the 

existence of micro-polar regions, a high DC bias field can induce a macro-polar state in the 

material. As the compressive stress increases, which tends to reduce the macro-polarization level 

in the material, a "transformation" of the macro-polar domain state to micro-polar state occurs, 

resulting in the observed broad dielectric constant anomaly. 

It is well known that for a dielectric material, the change of the dielectric constant K with 

external stress can be a result of the electrostrictive coupling in the material. In fact, for many 

non-ferroelectric material, the electrostrictive coefficient can be determined conveniently from the 

slope of 1/K vs. the applied stress T.1U2 However, for a ferroelectric based electrostrictive 

material such as PMN-PT, the change in the dielectric constant can also be a result of the changes 

in the local polarization state as has been pointed out in an early publication (shifting of the local 

curie temperatures).12 Moreover, the polarization response near Tm is mainly from the 

reorientation process of the micro-polar regions to the external electric field. These so called 

•'extrinsic" contributions to the dielectric response can be affected by external stress. As a 

consequence, the 1/K vs. T3 relation even for the data without DC electric field exhibits a strong 

non-linear behavior and the slope of the curve is far below Qu measured directly from the strain- 

polarization relationship. 

For the data at temperatures above the dielectric constant maximum, the dielectric constants 

all show monotonic decrease with the compressive stress for the DC bias fields investigated (up 

to 5 kV/cm) although at 50 °C, the dielectric constant under 5 kV/cm DC electric bias field 

exhibits a plateau at T3 < 50 MPa, which is presented in figure 4. The existence of this plateau is 

reminiscent of the transformation of the material from a macro-polar state to a micro-polar state, 

analogous to that observed at 25 °C. Due to the existence of the micro-polar regions, even for 

the data at 80 °C (shown in figure 5), the slope of the dielectric stiffness vs. stress is still far 

below that determined by the electrostrictive coefficient even though in the stress range 

investigated, the curve of 1/K vs. T3 exhibits a nearly linear relationship. In addition, the slope 



of the curve decreases as the DC bias field increases, a signiture of increased ferroelectric activity 

in the material when subjected to high electric fields. 

At 25 °C and 50 °C, the dielectric data exhibit a strong frequency dispersion. For that reason 

the data were collected at frequencies from 10 Hz to above 100 kHz to probe the influence of this 

dispersion by the applied stress T,. Apparently, the external stress T3 reduces the frequency 

dispersion significantly and accompanying this reduction in the frequency dispersion the 

dielectric loss is also reduced. The results reveal that the compressive stress T3 reduces the 

response of the micro-polar regions and hence the degree of the relaxor behavior in the material. 

The data at 80 °C was acquired at 1 kHz only because of a very weak frequency dispersion at the 

temperature. 

IV. The Elastic Compliance as a Function of the Compressive Stress at Different Bias Fields 

Elastic compliances sf3 and 5*3 were characterized as a function of compressive stress at 

different electric bias fields and temperatures are presented in figures 6 and 7 respectively. The 

general features revealed from the data are: (i) the elastic compliance increases with DC bias 

fields and hence, the polarization level in the material; (ii) the compliance exhibits a slight 

decrease with the compressive stress; (iii) the compliance decreases with temperature for the three 

temperatures measured. For the data at 25 °C under 5 kV/cm, an anomaly is observed which is 

apparently related to the phase transformation from a macro-polar state to a micro-polar state as 

been discussed in the dielectric data. In the temperature and stress range investigated, the ratio of 

~5hls3z remains near 1/3. 

In an early investigation by Cao and Evans,'3 it was found that in soft PZT, Poisson's ratio 

can reach near 0.5 when there is a stress depoling of the samples which is a direct consequence 

of the domain reorientation during the depoling process. If there is a significant contribution 

from the reorientation of the micro-polar regions to the elastic process in the material, one would 

expect the similar results since this process will not generate volume strain.    Therefore the 



relatively small ratio of -^3/^33 implies that the reorientation process of micro-polar regions 

which is responsible for the large dielectric constant at near Tm is not contributing significantly to 

the elastic process. Indeed, there is only a very weak elastic compliance peak at temperatures 

nearTm.14 

V. The Effective Piezoelectric Responses in DC Field Biased States 

The effective piezoelectric coefficients d33 and d3I in the electric field biased state were 

characterized and are presented in figures 8 and 9. Analogous to the dielectric constant and 

elastic compliance data, a broad peak of d33 at the bias field of 5 kV/cm data was observed. In 

addition, there is also a weak peak at 3 kV/cm, while at 1 kV/cm d33 decreases monotonically 

with the stress. As pointed out earlier, this anomalous behavior observed at 3 kV/cm and 5 

kV/cm bias fields is associated with the phase transformation in the material in the DC field 

biased state from a macro-polar state to a micro-polar state. The peak is much less pronounced in 

the data of d31. At higher temperatures, both d33 and d31 exhibit a monotonic decrease with the 

compressive stress. The decrease of d33 and d31 with the compressive stress at higher 

temperatures is a result of the reduction of the polarization level P3 and the dielectric constant K at 

the DC field biased state with the stress. In fact, the ratio of d33 (or d31) to P3*K, which is 

directly proportional to the effective electrostrictive coefficients of the ceramic sample, does not 

show marked change with stress. 

Based on d^ and d31 data, the hydrostatic piezoelectric coefficient dh (dh = d33 + 2 d3I) in the 

DC field biased state is evaluated and presented in figure 10. One of the interesting features of 

the data in figure 10 is that a very pronounced peak in dh is observed at 25 °C under a 5 kV/cm 

bias field. For the data at higher temperatures, a weaker but clear peak is observed under 5 

kV/cm bias field. This is in sharp contrast to the dielectric, elastic compliance, and piezoelectric 

cL,3 and d^ coefficients where the peak associated, with the anomaly is much weaker. As has been 

pointed out, the anomaly is due to the transformation from a macro-polar state to a micro-polar 



State due to the applied stress. The result reveals that this transformation involves a large volume 

change which yields a large change in d, in the broad transition region. 

In a recent study of the electrostrictive coefficients of prototype cubic phase of PMN, it was 

found that the hydrostatic electrostrictive coefficient is at about 0.08 m2/C4.3 This value is more 

than 10 times higher than that determined directly from a field induced strain measurement.2 The 

difference between the two results lies in the fact that at temperatures near Tm, the material has a 

high population of micro-polar regions and the reorientation of these polar regions does not 

generate volume change. Consequently, the Qh measured from the volume strain-polarization 

relationship at temperatures near Tm has a much smaller value than the intrinsic Qh value of the 

material. (Qh for the prototype cubic phase of 0.9PMN-0.1PT is nearly the same as that of 

PMN.) In this paper, this low value of Q, measured from field induced volume strain Sv at 

temperatures near Tm is named as the apparent Qh (Qh') of the material to distinguish it from the 

intrinsic Qh which is determined from the change in the lattice constant of the unit cell due to the 

change in polarization. 

For 0.9PMN-0.1PT, Qh» = 0.006 m«/C2 at room temperature without external field. From the 

electrostrictive relation Sv = Qh' P\ where P is the total polarization response in the sample, and 

also Sv = Qh Pv
2, where Pv is the polarization response which generates volume strain, the ratio 

P     \oa 

^ = ith
CZn bC detennined For PMN-PT at near Tm, this ratio is about 0.27, which implies 

that about 70% of the weak field polarization response in 0.9PMN-0.1PT at temperatures near Tm 

is due to the reorientation of the micro-polar regions, which does not generate the volume change 

of the material. 

This observation raises an interesting issue on how to improve the hydrostatic response of 

the material, which is important for many underwater applications. By reducing the polarization 

response related to the micro-polar region reorientation, even if this may not increase dh in case 

that Pv in the material does not change (from the electrostrictive relation, d, = 2 Q/P/AP, in the 

field biased state), the reduction of the dielectric constant will improve the hydrostatic figure of 



merit dhgh since gh is equal to dh/K. dhgh for the samples investigated is presented in figure 11. 

As can be seen from the figure, in spite of the fact that the material possesses a relatively high dh 

(> 400 pm/V, about 10 times higher than that of PZT piezoceramics), the relatively high dielectric 

constant due to the micro-polar region reorientation results in a figure of merit which is only 

about 20 times higher than that of PZT piezoceramics and is nearly the same as that of the piezo- 

polymer PVDF.15 

VI. The Electromechanical Coupling Factor k33 Under Uniaxial Stress T3 

From the data presented in the preceding sections, the electromechanical coupling factor k33, 

defined as k33 = ——g- where e0 is the vacuum permittivity, can be derived.10 The data thus 
A£0S33 

derived is presented in figure 12. Apparently, at high DC bias electric fields and without external 

stress, k33 of 0.9PMN-0.1PT at temperatures near Tm is near that of soft PZT, i.e., above 0.7. A 

disappointing fact of this material is that k33 drops quite significantly as the material is subjected 

to external compressive stress. This seems inevitable from the data presented in the preceding 

sections since the reduction of the piezoelectric coefficients with stress is due to the reduction in 

both the dielectric constant and the polarization level in the field biased state while the elastic 

compliance does not show a marked reduction with stress. As a result, k33is reduced with stress. 

In order to improve the material performance with stress, one may need to develop materials with 

a broader dielectric peak so that the reduction of the polarization and dielectric constant with 

stress can be reduced. 

VII. Summary 

The influence of the uniaxial compressive stress on the electromechanical behavior of 

0.9PMN-0.1PT under DC bias electric fields at temperatures near Tm was investigated. The 

results reveal that the compressive stress T3 reduces the responses of the micro-polar regions 

which result in a decrease in the dielectric constant, the dielectric dispersion and dielectric loss, 



and the effective piezoelectric coefficients. The results also show that the response of the micro- 

polar regions does not contribute to the elastic process significantly as compared with the 

dielectric process. Hence, the elastic compliance does not exhibit a marked change with stress 

and the ratio of -sf3/sf3 remains near 1/3. By combining the data of the piezoelectric coefficient, 

the dielectric constant, and elastic compliance, the longitudinal electromechanical coupling factor 

k33 was derived which decreases with the compressive stress T3. 

For electrostrictive PMN-PT at temperatures near Tm, the material can be converted into a 

macro-polar state by applying a high DC electric field. Compressive stress will force the material 

back into a micro-polar state and the experimental results reveals that there is a broad 

transformation region between the two states instead of a smooth process. This transformation 

involves a change in part of the material between a rhombohedral phase and a cubic phase which 

involves a large volume strain as revealed by a pronounced peak in the hydrostatic piezoelectric 

coefficient dh. This phenomenon could be used to enhance the hydrostatic piezoelectric response 

of the material if the bias stress level is properly adjusted. On the other hand, for a given external 

prestress level, the material composition may be adjusted so that this transformation will occur at 

the given stress. 

This work was supported by the Office of Naval Research. 
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Figure captions: 

Figure 1. The dielectric constant K and dielectric loss D as a function of temperature for 

0.9PMN-0.1PT under stress free condition. The measuring frequency is 0.1 kHz, 1 kHz, 

and 10 kHz. 

Figure 2. Schematic drwaing of the polarization P and strain S responses of 0.9PMN-0.1PT in 

the DC electric field biased state where the effective dielectric constant is defined as P^ 

and the effective piezoelectric coefficient as S^^, respectively. S^ can be S, and S3 and E 

is the electric field. 

Figure 3. The dielectric constant K and dielectric loss D as a function of the compressive stress 

T3 measured at 25 °C and different DC bias electric fields (indicated in each figures). The 

measuring frequency of the data: 10 Hz (filled triangles), 0.1 kHz (open circles), 1 kHz 

(black dots), 10 kHz (crosses), 100 kHz (open triangles), and 1 MHz (pluses). 

Figure 4. The dielectric constant and dielectric loss as a function of the compressive T3 measured 

at 50 °C. The measuring frequency: 10 Hz (filled triangles), 0.1 kHz (open circles), 1 kHz 

(black dots), 10 kHz (crosses), 100 kHz (open triangles), and 1 MHz (pluses). 

Figure 5. The dielectric constant as a function of the compressive T3 at 80 °C, 1 kHz, and under 

different DC bias fields. The dielectric constant at this temperature exhibits very little 

dispersion. 

Figure 6. The elastic compliance s33
E as a function of the compressive T3 at different 

temperatures and DC electric bias fields: 1 kV/cm (open squares), 3 kV/cm (open circles), 

and 5 kV/cm (dots). 

Figure 7. The elastic compliance sI3
E as a function of the compressive T3 at different 

temperatures and DC electric bias fields: zero bias (crosses), 1 kV/cm (open squares), 3 

kV/cm (open circles), and 5 kV/cm (dots). 

Figure 8. The effective piezoelectric coefficient ^ at the DC field biased states as a function of 

the compressive T3 at different temperatures and DC electric bias fields. 
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Figure 9. The effective piezoelectric coefficient d3I at the DC field biased states as a function of 

the compressive T3 at different temperatures and DC electric bias fields. 

Figure 10. The effective hydrostatic piezoelectric coefficient d„ at the DC field biased states as a 

function of the compressive T3 at different temperatures and DC electric bias fields. 

Figure 11. The hydrostatic figure of merit d^ at the DC field biased states as a function of the 

compressive T3 at different temperatures and DC electric bias fields. 

Figure 12. The electromechanical coupling factor k33 (calculated at 10 Hz) as a function of the 

compressive T3 at different temperatures and DC electric bias fields. 

14 



w 

30 60 90 120       15( 
Temp. (°C) 

P.l 



PA 



2.5 104 

2 IC 

1.5 1C^ 

^ 1 icr- 

:OC€'r 

210-" 

0' 

^0.25 

E. =3 kV/cm 
0 

E = 5 kV/cm ■ 
0 H0.2 

0.15 

C 
0.1 

0.05 

50 100 
Stress (T, MPa) 

150 

fry* 



50 _       100 
Stress (T3 MPa) 

hfrZ 



2 104 1
 ' * ' ' ' ' ' ' i i i i i i i i i i i i i i ■ i i i i i 

^ 1 10 

1.5 10v£* 

5000- 

L^. 

—e—5KV/cm 
—a -3KV/CHL 
- - -1 KV/cm 

'   I   I   I   I   I    I    l    t—l—I—I I i ■    I    ■    .   ■   ■   ■ 

50 100 
Stress (T3 MPa) 

150 

*>•* 



15 
' ' ' ' I ' '  ' I  '  '  M  '   '  '  |  .   i  ■ | ■ i i | i ,. 

CJ 

E 
2   10 
ö 

80 °C 

Cfl 

5 ti t • ' ■ ■ ■ I ■ . ■ i  .  .  .  r  .  .  t   , 

lvJl       • i ' ' ' I ' '  '  |  i  ■  .  (  ■  i  i  , 

'  ' ' ■ • i I 

' ' ' '  '  ■   t  ',,,',,.  i ... i . . J 5' ■'■'■■■ i  . . . r 

0     20    40     60     80    100   120   140  160 
Stress (T  MPa) 

F 



2.5 

_' ' ' i ' * * i ' ■ ■ i ■ ' » i ' ' ' i i i i | i i i | i 

80 °C 
<N 

e 
I o 

en 

i 
'1.5- 

*   8      8 H 5 I 

1 
5 

''     I     I     I     I     I     I     I     I     I     ■      I     T      t     .      .     .      t      .      .      .     |      ...     |     .     .     . 

/     '     '     I     '     '     '     |     '     '     '     |      '      '      1      1      '      1      1      |      1      1      I      |      I     I     I     |     I     I   - 

50 °C 
CN 

£ 
S    3 
o 

«3 
I 
?2 

■ ■■'■ ■ ■ ' ■■•'■■■'-.. i ... i . . 

1 * * i * ' * i ' ' * i * ' ■ i * ■ > i • ' * i * 

ts 

i o S     3 

vT 2\- 

25 °C 

=5*= =^| 

1   I   I   l   l   I  t   l   i   I   i   i   i   I   ■■   t   I   ...   I   ...   I   ...   I   ..   .' 

0     20    40    60     80    100   120   140   160 
Stress (T MPa) 

t-;3- 



400r T"~!   i   r—1—i—i—]—i—i—r 

25 °C     j 

=     800 
5 kV/cm 

en 

400N^   1KV/cm 
2001-     **•--._ 

n.i" ■ • ■ ' i , , , 
50 
Stress T  (MPa) 

IPO 150 

fcv* 



100 ~i   i—I—I—|—I—I—i—:—i—i—r- i    i    j—i—i—i—i—i—i—r 

80 °C 

* • ■ ■ * * * * * i ' * ' • ' ■ i i i i i i i i 11111 

400 

300 

T3 
£200- 

100 

5 kV/cm 

1 ' ■ i i i i i i t ■ r i i ■ . ■ i TT^rrTQ-TT^ 

50 100 150 
Stress (T MPa) 

*!0 



.' ' ' ' ' ' ' I ' ' ' I ' ' ' 1 i i i i ■ i i i i i i j i 

80 °C 

0  20 40 60  80 100 120 140 160 
Stress (T MPa) 

ip 



400 1 ' ' i ' ' ' i ■ ■ ■ i ■ ' ' i i i i i i i i | i i i | 

2.1000 
to 

T3~ 500 

1 kV/cm 
0* ■   »i  ■!    'i 

0     20    40    60     80    100   120  140  160 
Stress (T3 MPa) 

t-t 



0.5r^ 

0.4 

!■"  '  '  '   '   '   I   '   '   '   I   '   '   '   I   '   '   ■   I   i   ■   .   !   ■   I   I   i   ,  r 

0     20    40    60     80 J00   120  140  160 
Stress (T MPa) 

fÄ 


